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ABSTRACT
The purpose of the research was to investigate the biological 
features of human cytomegalovirus replication. At the onset of the 
project five years ago, the amount of information available concerning 
this subject was limited. During this time results of some comparable 
studies have been published and the results presented here confirm and 
complement such studies and contribute to the understanding of virus- 
directed events in the infected cell.
Evidence for virus replication was obtained from (a) microscopic 
and macroscopic cytopathology (b) cytopathology using acridine orange 
(c) immunofluorescence (d) quantitative analysis of protein and nucleic 
acid synthesis using the pulse labelling procedure and (e) titration 
of infectivity.
Virus replication was inhibited by physical and chemical factors 
including (a) temperature (b) inhibitors of protein synthesis and (c) 
inhibitors of nucleic acid synthesis. Each inhibitor was added or 
removed at selected times and the effects were monitored by one or 
more of the methods mentioned above.
It is concluded from the results that viral transcription and 
translation were essential for the initiation of cell rounding and the 
early immunofluorescence. The viral protein or oligopeptide respon­
sible may be rich in particular amino acids, for example arginine. An 
early consequence of infection was the reduction in host-cell macro- 
molecular synthesis. Cytomegaly developed after the initial cell i 
rounding provided protein synthesis was not interrupted. At 48 hours 
the infected cells, termed single cell foci (SCF), were easily 
enumerated.
By 84 hours pi infective virus was detected in the cell-free 
medium and reached a maximum level about 14?4 hours pi; the level of 
infectivity in the cell-free medium was maintained for long periods.
The onset of DNA synthesis in cells infected with the Rawles virus was 
37 hours pi. Protein synthesis was required to initiate and maintain 
DNA synthesis and uninterrupted DNA synthesis was required for continual 
virus production. Virus growth was blocked when an inhibitor of host­
cell polymerase.type II was added to infected cells at 24 hours pi but 
this inhibitor had no effect at 48 hours pi or later.
Virus production and DNA synthesis were blocked at a temperature 
of 40°C or higher. Two'temperature sensitive events were highlighted: 
one event was completely blocked and one event was partially blocked 
and the kinetics of the latter event were affected by small changes in 
supraoptimal temperature. Both events were required for viral DNA . 
synthesis. However, even when viral DMA synthesis had been allowed to 
occur, production of infective virus was still prevented by shift-up 
to supraoptimal temperature.
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CHAPTER ONE
I N T R O D U C T I O
INTRODUCTION
Jesionek and Kiolemenoglou (1904) observed atypical large cells 
in the kidneys, lungs and liver of a stillborn infant. Similar 
observations were reported by Ribbert (1904) in the kidneys of a 
neonate and the parotid glands of two infants. These probably 
represent the first reports of generalized cytomegalic inclusion 
disease. In 1910 Smith and Weidman gave the name Entamoeba 
mortinatalum to the supposed organism causing the large atypical 
cell formation. The large atypical cells formation observed by 
Goodpasture and Talbot (1921) in the viscera of a 6 week old infant 
who died from pneumonia was described by the term "cytomegalia”.
The presence of inclusions in the atypical cells was recognised and . 
this was related to changes which had been noted with herpetic 
lesions. It was suggested that the agent was a virus (Lipshtltz, 
1921). Cole and Kuttner (1926) reported large atypical cells in the 
salivary glands of 84% adult guinea-pigs but in only 7% of guinea- 
pigs less than one month old. Cole and Kuttner (1926) injected 
young guinea-pigs, with an extract of affected submaxillary gland 
extract, at various sites and demonstrated the large atypical cells 
in the lesions produced. The term "salivary gland virus" was used 
to describe the agent responsible for the histological changes. An 
incidental finding was made by Farber and Wolbach (1932) during 
routine postmorten examinations on children under 17 months. It was 
noted from 183 postmortems that in 12% of cases the salivary glands 
contained "cytomegalic" cells, but no distinctive clinical or patho­
logical condition was associated with these findings. Cappell and 
MacFarlane (1947) associated clinical symptoms with the dissemination 
of the human salivary gland virus. Diagnosis was made possible by
the demonstration of cytomegalic cells in urinary deposits (Fetterman, 
1952; Mercer et al., 1953). In 1956, the human salivary gland virus 
was isolated and propagated in vitro (Smith, 1956; Rowe et al., 1956; 
Weller et al., 1957). The virus was given the name cytomegalovirus 
(Weller et al., 1960) and the term was applied to viruses producing 
similar histological changes in other species. The cytomegaloviruses 
are relatively host.specific and in vitro grow in cells from the homo­
logous host. Exceptions to this have been reported. Cytomegaloviruse 
isolated from cercopithecus (African Green) monkeys replicated in 
cells of human derivation (Black et al., 1963) and murine cyto­
megalovirus in a wide range of heterologous cell systems (Kim and Carp
1971). The mouse cytomegalovirus system has been widely used as an 
animal model in the study of the epidemiology and pathogenesis of 
infection (Henson and Neapolitan, 1970).
Classification. The cytomegaloviruses meet the criteria 
necessary for classification within the herpes group of viruses 
(Andrewes et al., 1961; Plummer, 1967). The viral genome is of 
double stranded DNA (Crawford & Lee, 1964; Plummer et al., 1969) and 
enclosed in an icosahedral capsid of 162 capsomeres. The nucleo- 
Capsid is enclosed by an envelope (Smith and Rasmussen, 1963;
Wright et al., 1964). Assembly of the capsid around the viral genome 
occurs in the nucleus and the viral envelope is obtained from the 
inner nuclear membrane on transfer of the virion to the cytoplasm 
(Stern & Friedmann, 1960; McGavran & Smith, 1965). These sites of 
viral replication are characterized by large intranuclear and intra- 
cytoplasmic inclusion bodies (McAllister et al., 1963). It has been 
suggested that the cytomegaloviruses should be classified separately 
from the other herpes viruses. However, it was concluded from a
comparative study of 14 different herpes viruses based on viral DMA 
density and growth characteristics in tissue culture that there were 
no definite grounds for the subgrouping of the cytomegaloviruses 
within the herpes group (Plummer et al., 1969)..
Clinical manifestations. Attention was focused on interuterine
infection with human cytomegalovirus (HCMV) as a result of the - 
successful propagation of the virus in vitro and the knowledge that 
severe disease was occasionally associated with the presence of this 
virus in the newborn (Weller et al., 1957; Weller & Hanshaw, 1962).
* Severe neonatal disease (Cytomegalic Inclusion Disease - CID) may 
present with hepatosplenomegaly, anaemia and haemorrhage and.vgith 
central nervous system abnormalities, in particular, microcephaly, 
intracerebral calcification and hydrocephalus (Weller & Hanshaw,
1962; Medearis, 1964; McCracken et al., 1969). In this country,
0.4 - 0.5% of babies are born excreting HCMV (Stern, 19 75; Walker 
& Tobin, 1970) and of these about 10% might be expected to suffer 
from severe disease (Hanshaw, 1971).. Maternal infection in the 
first trimester is most likely to cause damage to the foetus (Davies 
et al*, 1971). Infection later in pregnancy is reported not to 
result in foetal abnormalities (Monif et al., 1972). Less severe 
manifestations of- congenital infection have been reported (Stern, 
et al., 1969; Walker & Tobin, 1970). Most postnatal infections 
occur after 15 years of age and are usually asymptomatic (Hanshaw,
1966; Walker & Tobin, 1970). Infections acquired during childhood 
may result in virus excretion in the urine or saliva for years and 
evidence of liver damage has been reported (Stern, 1968). Occasion­
ally an infection results in an illness which is characterized by 
sustained fever, atypical circulating mononuclear cells and, frequently,
.liver dysfunction. In the young adult there may be pharyngitis and 
cervical or generalised lymphadenopathy and the condition may be 
differentiated from Epstein-Barr virus (EBV) associated glandular 
fever by a negative Paul-Bunnell reaction (Klemola & KMclri&inen, 1965; 
Klemola et al., 1967; Kcl&riMinen et al., 1966a, b; Carlstrdm et al.,
1968). Infections with HCMV occur in patients who have received 
blood transfusion. This has been related particularly to the use . 
of fresh blood and on occasion results in an infectious mononucleosis­
like illness (Paloheimo et al., 1968). Patients receiving immuno­
suppressive drugs for organ transplantation or for the treatment of 
leukaemia, lymphoma or other malignancies, show a high incidence of 
HCMV infection. An estimated 70 - 90% of renal allograft patients 
show evidence of infection and virus has been recovered from postmortem 
material in 50% of these patients (Craighead et al., 1967; Riftkind 
et al., 1967). The herpes group of viruses, in general, have the 
capacity to produce latent infection and, as stated above, silent 
infection with HCMV can be demonstrated in children. It is possible 
that the high incidence of HCMV infection in immuno-suppressed 
patients is due to reactivation of latent virus. It is also possible 
that infection is acquired from the transplanted kidney, during blood 
transfusion or from other immuno-suppressed patients who may excrete 
virus for long periods. The role of HCMV in producing disease in 
immuno-suppressed patients is not clearly defined at present.
The association of the Epstein-Barr virus with Burkitt’s Lymphoma 
and of herpes simplex type II with squamous cell carcinoma of the 
cervix, has generated much interest in the possible role of herpes 
viruses in the aetiology of human cancer (Rapp & Buss, 1974). It was 
reported that-UV inactivated HCMV is capable of producing transformation
of hamster embryo fibroblasts and the transformed cells induce tumours 
when inoculated into hamsters (Albrecht Sc Rapp, 1973). The serum from 
tumour bearing hamsters has been shown to react with cytoplasmic 
antigen in HCMV infected human embryo fibroblasts, when tested by 
immunofluorescence. There is also evidence that the HCMV transformed 
cell line (CX-90-33) contains HCMV associated antigen on the cell 
surface (Lausch et al., 1974). In assessing a strain of HCMV which, 
they considered suitable for vaccination purposes, Plotkin et al. 
(1975) reported negative oncogenicity tests for this particular virus. 
They also point out the difficulty of assessing oncogenic potential 
when using UV-irradiated virus and they emphasise the fact that there 
is no evidence for oncogenicity of CMV in humans.
Virus growth. It has long been considered that HCMV replicates 
exclusively in homologous cells of fibroblastic or myometrial origin 
(Weller, 1970). More recently, the virus has been shown to replicate 
in Vero cells, a continuous line of vervet monkey kidney cells (Waner 
& Weller, 1974). Isolation of HCMV from clinical material is achieved 
routinely in human embryo fibroblasts (HEF). Virus is occasionally 
excreted in urine in high titre and signs of virus growth may be 
observed within 48 hours of inoculation (Conchie et al., 1968). On
■V
other occasions, however, virus growth is slow, and focal lesions may 
not be apparent for several weeks. After several passages in^HEF
cells, HCMV becomes adapted to growth in vitro and virus titres of
5 7 .
10 - 10 p.f.u. per ml may be obtained from infected cells. Virus is
also present to similar titre in the maintenance medium. The number
of infective particles is considerably less than the physical particle
count (Smith & Rasmussen, 1963; Benyesh-Melnick et al., 1966).
Several authors have described methods.for obtaining high titre
virus stock from tissue culture sources. Using centrifugation tech­
niques, HCMV can be concentrated from the extracellular fluid of 
infected monolayers (McCombs, 1969; Chambers et al., 1971). A 10 - 60 
fold concentration of virus by forced dialysis was described by Smith 
and De Harven (1973a). This method eliminated the problem of virion 
aggregation which is found with other methods.
HCMV is a relatively unstable virus. The half-life of infectivity 
is about one hour under conditions normally found in the extracellular 
fluid of infected cells at 37°C (Krugman & Goodheart, 1964). The virus 
has been found to be inactivated more rapidly at 4°C than at higher 
temperatures (Plummer & Lewis, 1965; Vonka & Benyesh-Melnick, 1966b) 
and the stability is improved by using distilled water as a diluent 
(Wentworth Sc Gloyd, 1968).
HCMV can be stored at -70°C but the use of sorbitol as a stabil­
izer is recommended (Weller & Hanshaw, 1962). Hoi^ever, maintenance of 
virus infectivity in liquid nitrogen, without a stabilizing substance, 
is reliable (Hildebrant et al., 1968) and virus stocks may be maintained 
for 3 years v/ith little loss of virus titre.
When HEF monolayers were inoculated with HCMV and incubated at 
37°C, the virus rapidly acquired an intracellular position protected 
from neutralization by specific antiserum (Vonka Sc Benyesh-Melnick, 
1965a). The onset of exponential growth began after an eclipse phase 
lasting about 48 hours (McAllister et al., 1963; Furukawa et al.,
1973; Iwasaki et al., 1973). This is in contrast to the duration of 
the eclipse phase for most herpes viruses which is reported to last 
from 3 to 8 hours pi (Roizman, 1969). HCMV cell-associated virus, 
titre reached a maximum about 96 hours pi* Extracellular virus was
present by 72 hours (McAllister et al., 1963; Iwasaki et al., 1973).
High levels of cell-associated and cell-free virus were present for 
up to 11 days (Tyms, 1970)»
Evidence of infection was obtained by the appearance of character­
istic rounded cells during the eclipse phase (McAllister et al., 1963).
The process was complete before the appearance of infective virus at 
48 hours pi (Tyms, 1970) but these cells gave a positive reaction in an 
indirect immunofluorescence test using human convalescent antiserum 
(Goodheart & Jaross, 1963).
The cell rounding effect and production of infective virus were 
reversibly inhibited by a deficiency of arginine (Minamishima & . 
Benyesh-Melnick, 1969; Holmes, 1974; Garnett, 1975). A deficiency 
of any essential amino acid affected the virus yield but only a 
deficiency of arginine or methionine inhibited the early cell rounding 
as well as infective virus production (Holmes, 1974). It was also 
reported that although HEF cells were able to propagate in arginine- 
free medium, these cells were unable to support the replication of 
HCMV in similar conditions (Holmes, 1974).
Serological studies. Human cytomegalovirus shows antigenic .
heterogeneity in neutralization tests (Weller, 1971). However, in. 
cross neutralization tests, Weller et al. (1960) found 4 HCMV isolates which 
were sufficiently distinct to be designated type I (Davis), type II 
(AD 169) and type III (Espaillet & Kerr). Distinction between 14 
different HCMV isolates was reported on the basis of the immuno­
fluorescence reaction (Chiang et al., 1970). Viruses isolated in 
Seattle (USA) were distinguishable from those isolated in Taiwan,
with a third intermediate group. There appears to be a group specific 
complement fixing antigen, although antigenic heterogeneity has been 
demonstrated in the complement fixation test (Stern & Elek, 1965). 
Evidence exists of shared antigenicity between HCMV and two other 
members of the herpes group, herpes simplex type II (Wentworth & 
French, 1970) and Epstein-Barr virus (Hanshaw, 1970). The cyto­
megaloviruses from different animals show species-specificity in 
serological tests although cross-reaction in the complement fixation 
test is reported for human and monkey viruses (Black et al., 1963; 
Dreesman & Benyesh-Melnick, 1967). However, these viruses retain 
their species-specificity in neutralization tests.
The complement fixing antigen was found In association with 
infected cell extracts but was not detected in extracellular virus 
preparations (Benyesh-Melnick et al., 1965). When 99% of the 
initial infectivity was sedimented by centrifugation of infected cell 
extracts, 54% of the complement fixing activity was detected in the 
pellet and the remaining activity was present In the supernatant 
fluid. Antigens detected by the gel precipitation method were present 
in concentrated extracts of HCMV infected cells (Jung et al., 1973).
Up to 3 lines of precipitation were recorded against sera from 
individuals who were still excreting virus. Antigens were demon­
strated in the ’soluble1 cell extract as well as in association with 
the virus pellet. Cross reactivity v/as evident between 3 prototype 
viruses, Davis, AD 169, Espaillet, in the precipitation test and this 
correlated with complement fixation results (Jung et al., 1973).
Immunofluorescence. Several patterns of fluorescent staining 
have been described when human convalescent serum has been used in
indirect immunofluorescent tests.
At a high multiplicity of infection, granular cytoplasmic 
fluorescence was evident in acetone fixed preparations 3 hours pi.
At 6 hours pi, a time when cell rounding had begun, nuclear and 
perinuclear fluorescence were also observed (Furukawa et al., 1973). 
Similar early immunofluorescent reactions were described when guinea- 
pig skin and muscle cells i*/ere infected non-productively with HCMV 
(Fioretti et al., 1973). Observations of other workers using the 
immunofluorescent method contrasted with the above information, in 
that initial immunofluorescence was observed In the nuclei of 
infected cells (Jack & Wark, 1971; The & Langenhuysen, 1972; Vaczi 
& Gdnczdl, 1973). Intranuclear fluorescence was observed as a 
diffuse reaction as early as 6 hours pi (Jack & Wark, 1971). By 24 
hours, small bodies, not thought to be nucleoli, were evident and 
by 48 hours they had fused with the characteristic intranuclear 
inclusions which were prominent by 96 hours pi (The & Langenhuysen,
1972). Vaczi and Gdnczdl (1973) observed a similar sequence of events, 
although a perinuclear fluorescence was also evident by 36 hours pi. 
Diffuse intracytoplasmic fluorescence was not apparent until at least 
24 hours pi (Jack & Wark, 1971; Vaczi & Gdnczttl, 1973).
A common factor in the reports cited so far for HCMV is the use 
of human convalescent serum. Specific antiserum prepared in guinea- 
pigs against concentrated and purified extracellular virus was shown 
by immunofluorescence to react with the nuclei of infected cells. An 
occasional intense reaction at the nuclear membrane and diffuse cyto­
plasmic fluorescence was observed (Huang et al., 1974).
Sera from patients with virologically or serologically confirmed
HCMV infection, reacted by indirect Immunofluorescence with a membrane 
antigen on the surface of infected cells (The & Langenhuysen, 1972). 
The membrane reaction was evident only in unfixed cell preparations 
and first appeared 6 hours pi.
Kurstak et al. (1972) described the<Location of antigens by the 
immunoperoxidase method. They reported a progressive appearance of 
virus specific antigens firstly in the internal nuclear membrane then 
in the nucleus and, finally in the cytoplasm.
Polypeptide analysis. Further information with regard to the 
antigenic composition of HCMV was provided by a qualitative analysis 
of the polypeptides of virions harvested from extracellular fluids 
(Sarov & Abady, 1975). Using SDS-urea polyacrylamide-gel electro­
phoresis, 23 polypeptides were characterized, ranging in molecular 
weight from 24,500-171,000 daltons. This accounted for 34% of the
potential genetic information of a virus DNA molecule of molecular 
8weight 10 daltons (Huang et al., 1973). Spear and Roizman (1972) 
identified 24 proteins, including glycoproteins, as structural compon­
ents of herpes simplex virus. The major polypeptide (VP9) character­
ized for HCMV, was of molecular weight 67,000 daltons which was 
considerably smaller than the major components of other herpes viruses 
so far reported - molecular weight about 150,000 daltons (Spear & 
Roizman, 1972; Chen et al., 1972; Perdue et al., 1974). The major 
component of HCMV constituted 20% of the total protein content of the 
virus.
Sarov and Abady (1975) also isolated the homogeneous electron 
dense bodies observed in the cytoplasm of HCMV infected cells (Craighead 
et al., 1972; Iwasaki et al., 1973; Smith & De Harven, 1973b) and which
were also found in the extracellular fluid of infected monolayers* The 
dense bodies were about twice as large as the virions (300 nm diameter) 
and appeared to consist predominantly of protein* They contained all 
except one of the 23 polypeptides identified in the virion. The major 
component VP9 accounted for 40% of the polypeptide content of the 
dense bodies, which contained little or no DNA (Sarov & Abady, 1975)*
Assay methods. A variety of assay methods have been described
for HCMV. Both the 50% end-point dilution method (Weller et al., 1960;
Medearis, 1964) and the plaque method (Plummer & Benyesh-Melnick, 1964)
provide accurate means of determining virus infectivity titres. However,
due to the relatively slow growth of HCMV, both methods were time
consuming and required between 2 - 6  weeks to complete. By counting
foci of infected cells after immunofluorescent staining, the assay
time was reduced to 4 - 7 days (Rapp et al., 1963). A rapid assay
method was reported in which the early rounded cells were stained by
May-Grtlnwald-Giemsa or by indirect immunofluorescence and counted
between 48 and 96 hours pi (Goodheart. and Jaross, 1963; Waner &
Budnick, 1973). The rapid assay method was simplified even further by
enumerating the single rounded cells without the staining procedure.
Equivalence was demonstrated between the single cell method and the
end-point dilution or plaque method (Conchie et al., 1968;- Tyms,
1970). However, in earlier studies estimates of virus titre were
found to be on average 0.5 log higher by counting the single rounded
10
cells. This was thought to be due to non-productive infection in 
some infected cells. The production of single rounded cells was 
linearly proportional to the inoculum dilution (Goodheart & Jaross,
1963; Tyms, 1970; Waner & Budnick, 1973). There is evidence that 
the early cell rounding is induced by the virion itself. After
treatment with ether to remove infectivity, no cell rounding was seen 
and the phenomenon could also be prevented by treatment with specific 
antiserum (Tyms, 1970; Furukawa et al., 1973). The term single cell 
focus (SCF) is used during the present study to describe the cell 
rounding effect.
Electron microscopy. The morphology of the HCMV virion was 
described in detail by Wright et al. (1964). The virion shows evidence 
of icosahedral structure and is made up of a capsid comprising 162
O  O
elongated hollow capsomeres (135A x 95A). The average capsid diameter 
is 960A. The nucleocapsid is surrounded by an envelope and the trans-
O O
verse diameter of the complete particle varies from 1300A - 2700A.
The study of HCMV replication by electron microscopy is well 
documented (Stern & Friedmann, 1960; Ruebner et al., 1965; McGavran 
& Smith, 1965; Kanich & Craighead, 1972; Iwasaki et al., 1973). In 
general, virus capsids and nucleocapsids were first observed in the 
nucleus after 48 hours (Iwasaki et al., 1973) and aggregated in 
structures which were in the same location and of similar morphology 
to the intranuclear inclusions seen after cytochemical staining. By 
72 hours discrete intranuclear inclusions contained 3 types of virus 
particle - empty capsids, capsids with dense cores and capsids with 
pale cores (Iwasaki et al., 1973). The virus acquires its envelope 
from the inner nuclear membrane during passage into the cytoplasm 
(Stern & Friedmann, '1960; McGavran & Smith, 1965). Other workers 
have stated that nucleocapsids may acquire an envelope by budding into 
cytoplasmic tubules (Kanich & Craighead, 1972; Iwasaki et al., 1973). 
Intracytoplasmic aggregates of virions accumulate in vacuoles in the 
region of the Golgi complex (McGavran & Smith, 1965; Iwasaki et al.,
1973), In these areas are also found the homogeneous electron dense 
bodies which are often surrounded by a limiting.membrane (Kanich & 
Craighead, 1972). The limiting membrane of the dense bodies and the virus 
envelope are antigenically related (Craighead efc al., 1972). Virions 
and homogeneous dense bodies are released into the extracellular fluid 
(Sarov & Abady, 1975)*
In a study of early virus host cell interaction, - .Smith and 
De Harven (1974) observed that HCMV and HSV enter the cell within 
minutes of incubating the virus-cell preparation. This was accomplished 
by fusion of the virus envelope with the plasmalemma. The naked nucleo- 
capsid was released into the cytoplasm. In.both virus infections,, 
nucleocapsids reached the vicinity of the nucleus and in particular the 
Golgi region within 5 minutes of warming the cell-virus preparation.
The hexagonal shaped capsids of HCMV remained in the perinuclear area 
for up to 36 hours but the more rounded HSV capsids were not observed 
later than 2 hours after infection (Smith & De Harven, 1974). Evidence 
that HSV parental DNA reaches the nucleus of infected cells 1 5 — 30 
minutes after infection was provided by Hummeler et al. (1969).
Cytology. In a sequential study of HCMV replication in HEF 
cells, McAllister et al. (1963) correlated the biological changes, 
illustrated by cytochemical methods, with virus synthesis and release. 
Within 24 hours pi the cytoplasm of infected cells contained a distinct 
halo of material which stained specifically for RNA. The halo surrounded 
an RNA-free area which was PAS positive and contained lipid and protein. 
This area was the intracytoplasmic inclusion. They also described the 
appearance of intranuclear inclusions by 48 hours pi, that stained for 
DNA and reacted by immunofluorescence with HCMV specific antiserum.- By
72'hours pi, the intranuclear inclusions had enlarged and DNA was ' 
detected in the intracytoplasmic lesion. The DNA inclusions in the 
nucleus and cytoplasm were resistant to DNase, unless the cells were 
pretreated with pepsin. This suggested that the^  viral DNA was protected 
by a protein coat. No margination of chromatin was observed and this 
is in contrast with herpes simplex virus infected cells (Darlington & 
Granoff, 1973). . ;
Macromolecular synthesis. Further definition of the biochemical 
events in HCMV replication has been made with the aid of various 
metabolic inhibitors. Infected cells treated with 5V-iodo-2’- 
deoxyuridine (lUdR), mitomycin-C, cytosine arabinoside (McAllister et 
al., 1967) or 5f-fluoro-2‘-deoxyuridine (FUdR) (Goodheart et al., 1963) 
did not contain the DNA staining inclusions or produce infective virus 
but did convert to the rounded form and contained immunofluorescent 
material. Actinomycin-D inhibited all aspects of virus replication 
including the cell rounding and immunofluorescence (McAllister et al., 
1967; Furukawa et al., 1973) but unenveloped nucleocapsids-were found 
in the region of the Golgi complex in cells treated with this inhibitor 
soon after infection (Iwasaki et al., 1973). Puromycin inhibited both 
the characteristic inclusion formation and infective virus production. 
The highest non-toxic concentration of puromycin did not block cell 
rounding although neither did this concentration of the inhibitor 
completely block protein synthesis (McAllister et al., 1967). 
Cycloheximide blocked the cell rounding effect and immunofluorescence 
when infected cells were treated within 2 hours of infection (Furukawa 
et al., 1973).
Rifampin was reported to inhibit the replication of HCMV (Halsted
et al., 1972; Furukawa et al., 1975b) but had no effect on the 
replication of HSV type I and II or pseudorabies virus (Subak-Sharpe • 
et al-, 1969). The replication of other DNA viruses, namely adenovirus 
and vaccinia, was also inhibited by rifampin (Subak-Sharpe et al.,
1969). A number of virus functions were expressed when rifampin 
inhibited HCMV replication. Cell rounding was produced and antigens 
were detected by immunofluorescence, complement fixation, precipitation 
and haemadsorption (Furukawa et al., 1975b). The rifampin block in 
virus replication was reversed after various periods of inhibition* 
Within 14 hours of reversal of the block DNA and RNA were synthesized 
and infective virus was produced (Furukawa et al., 1975b). From these 
results it was suggested that rifampin may interfere with the synthesis 
of specific classes of messenger RNA which are essential for HCMV 
replication. The subject of the rifamycin antibiotics is reviewed by 
Wehrli and Staehelin (1971).
Goodheart et al. (1964) provided evidence that the intranuclear 
inclusion was the site of viral DNA synthesis. By means of auto­
radiographic methods, they observed the incorporation of labelled 
thymidine in infected cell nuclei from about 24 hours pi and lasting 
for at least 96 hours. The labelled thymidine migrated to the intra- 
cytoplasmic inclusion. It was suggested that viral DMA was synthesized 
in the nucleus and subsequently relocated in the cytoplasm of infected ' 
cells. Huang and his associates (1973) recorded the onset of DNA 
synthesis in the nuclei of infected cells, at 24 hours pi, using in situ
specific hybridization with labelled complementary RNA. This fact was
3substantiated by studies of the rate of incorporation of H thymidine 
into acid insoluble material (Huang et al., 1973; Furukawa et al.,
1973; 1975b). The peak of DNA synthesis in infected cells was preceded
by the onset of RNA synthesis (Huang et al., 1973; Furukawa et al., . 
1975b) and protein synthesis (Furukawa et al.-j 1973).
The molecular weight of DNA of 2 prototype ^ strains of HCMV and
a simian CMV, as determined by velocity sedimentation analysis, is 
8about 10 daltons (Huang et al., 1973). This value is higher than the
7
value of 3.2 x 10 daltons determined by Crawford and Lee (1964) using
3
the band width method. The density of HCMV DNA is 1.716 gm/cm 
(Huang et al., 1973; Plummer et al., 1969). This value corresponds 
to a base composition of 58% guanine and cytosine (Crawford & Lee,
1964) and is lower than H3V (G + C 68%) but similar to equine herpes 
viruses (G + C 55 - 56%). A lower G + C content was reported for 
simian CMV (Huang et al., 1973).
HEF cells were propagated in the presence of IUdR and cell mono­
layers were infected with HCMV after the removal of the analogue.
Under these conditions viral DNA was synthesized earlier and in greater 
amounts (St. Jeor & Rapp, 1973a). An increased virus yield per cell 
was also recorded by these workers after pretreatment of cells with IUdR. 
Human embryo kidney cells (HEK) normally non-permissive for HCMV repli­
cation in vitro, were rendered permissive by pretreatment with IUdR.
HCMV directed DMA was synthesized and infective virus was produced, 
although in low titre (St. Jeor & Rapp» 1973b). Host-cell DNA v/as 
synthesized in HEK cells pretreated with IUdR but not in pretreated 
uninfected cells. Stimulation of host-cell DNA synthesis was noted in 
non-permissive Vero cells (St. Jeor et al., 1974). In a kinetic analysis, 
St. Jeor et al. (1974) showed the stimulation of host-cell DNA in IUdR 
pretreated HEF cells. The amount of DNA synthesized was 10-fold greater 
than the IUdR pretreated but uninfected control cells. From their
results St. Jeor et al. (1974) concluded that initial high levels of 
host-cell DMA synthesis in non-arrested uninfected and infected HEF 
cells masked any evidence of virus stimulated host-cell DNA synthesis. 
When HEF cells were maintained in medium with a low serum concen­
tration (0.2%) prior to and after infection, a 5-fold increase in 
host-cell DNA synthesis in infected cells as compared to uninfected 
cells was observed (St. Jeor et al., 1974).
Huang (1975a) reported the overall stimulation of host-cell DNA 
polymerase activity in HEF cells infected with HCMV. The enzymes 
were distributed in the nuclei and cytoplasm of infected stationary 
cells and in growing uninfected cells. Huang (1975a) also isolated 
a unique virus specific DNA polymerase from infected cells and this 
enzyme was specifically inhibited by phosphonoacetic acid (PAA) at 
concentrations that had only a slight effect on the host-cell enzymes 
(Huang, 1975b). PAA inhibited the replication of other herpes viruses 
known to induce a virus specific enzyme.
The reports outlined above strongly suggest that HCMV infection 
stimulates the synthesis of host-cell DNA. Evidence is available that 
HCMV infection also stimulates the synthesis of host-cell RNA. Tanaka 
et al. (1975) observed an increase in host-cell RNA in the nucleus 
(45s) and the cytoplasm (28s, 18s, 4s) of infected cells. The onset 
of synthesis of the cellular RNA preceded the synthesis of viral DNA. 
Virus specific RNA was not detected early in infection but the hybrid­
ization method used for identifying viral RNA was not considered 
sensitive enough to draw firm conclusions. The stimulation of host- 
cell RNA was accompanied by an increase in polysome formation (Tanaka 
et al., 1975). Host-cell RNA synthesis was inhibited if cycloheximide 
was added to infected cells within 6 hours of infection but later
addition of the inhibitor was ineffective (Tanaka et al., 1975). '
Furthermore, the replication of HCMV was inhibited by exposure of 
cells to UV irradiation prior to infection or during the eclipse phase. 
The dose of UV irradiation used was insufficient to inhibit HSV repli­
cation or prevent normal cell division (Furukawa et al., 1975c). It 
was suggested that the inhibition is mediated through an effect of UV 
irradiation on the ability of HCMV to stimulate host-cell RNA synthesis.
Guinea-pig cells infected with HCMV did not synthesize viral DNA 
or produce infective virus. Cell rounding occurred and the infected 
cells reacted with human convalescent serum in the immunofluorescence 
test (Fioretti et al., 1973; Furukawa et al., 1975a). However the
synthesis of cellular DNA and cellular RNA species v/ere stimulated in
guinea-pig cells non-productively infected with HCMV. The synthesis 
of cellular nucleic acid was abolished if protein synthesis was inhibited
within 24 hours of infection (Furukav/a et al., 1975a).
Temperature studies. The effects of temperature on virus growth 
are discussed by Lwoff (1962) and the subject of thermal inhibition is 
reviewed by Dumbell (1967).
The production of infective virus by 5 different HCMV isolates, 
including prototype strains, was completely suppressed when infected 
cells were incubated at 40°C (Gdnczdl et al., 1975). In a previous 
study, Tyms (1970) reported that 40.0°cio.2°C was the ceiling temper­
ature for a number of HCMV isolates, including the Rawles virus used 
by G6ncz51 et al. (1975). Early cell rounding and immunofluorescence 
of the nucleus and cytoplasm v/ere observed at 40°C but intranuclear 
inclusions were absent at this temperature (Tyms, 1970; Gbnczdl et al., 
1975). However, one isolate (West) used in the study by Tyms (1970)
was shown to produce infective virus at 40°C but was non-productive 
at 41°C. This isolate produced cell rounding, inclusions arid infective 
virus at 40°C, but cell rounding alone at 41°C. Strain differentiation, 
based on the ability of virus to grow at 40°C v/as reported for herpes 
simplex virus (Ratcliffe, 1971; Oh & Schlenke, 1972; Gdnczdl et al., 
1975).
The thermal block in HCMV replication at elevated temperature was 
completely reversible (Tyms, 1970; Gdnczdl et al., 1975). Delays of 
4 - 5  days between shift-down to 37°C and production of infective virus 
v/ere reported by Gdnczdl et al. (1975). This finding was consistent 
when shift-down was at 4, 6 or 9 days after infection.
Previous studies v/ere made by Tyms (1970) in an attempt to character 
ize the thermal block. Cells infected with the Rawles virus were shifted 
down to permissive temperature after initial incubation at 40°C. It was 
found that if infected monolayers were incubated at 40°C for 24 hours 
before shift-down growth characteristics, were similar to the control.
When infected monolayers v/ere shifted down after 48 hours at 40°C a 
delay of 24 hours was recorded before exponential virus growth.. However, 
if the initial incubation period was for 72, 96 or 120 hours at 40°C, 
exponential virus growth v/as almost immediate.
Shift-up to 40°C during the exponential growth phase, resulted 
in the inhibition of virus growth and a decline in the infectivity 
associated with infected cells (Tyms, 1970; Gdnczttl et al., 1975).
It would seem from the above temperature studies that incubation 
of virus infected cells at supraoptimal temperature may suppress the
synthesis.'or function of essential macrornolecul.es or cause their 
degradation. In this study an investigation of- the temperature 
sensitivity of HCMV replication was made with'a more accurate temper­
ature control system than previously used. The object of the work v/as 
to verify the previous findings in relation to the temperature sensitive 
events using the Rawles virus and to correlate the results with the 
synthesis of essential macromolecules during virus replication. In ; 
addition; virus replication was studied using specific, chemical 
inhibitors of macromolocular, synthesis, the effects of which v/ere v/ell 
documented. The results and discussion that follows v/ill act as a basis 
for further qualitative analysis of the molecular characteristics of 
HCMV replication.
CHAPTER TWO
M A T E R I A L  A N D  M E T H O D S
TISSUE CULTURE
Cell type
Human embryonic fibroblasts (HEF) monolayers v/ere used throughout 
the course of this study. Strains of cells of different derivation 
wore utilised.
Cell monolayers v/ere prepared from muscle/skin or lung tissue - 
from human foetuses of 12-16 weeks gestation by the method described 
by Hayflick and Moorhead (1961).
In addition, reqular suddIIos of MRCn cells were obtained from the " * * ' o
National Institute of Medical Research, Hampstead Laboratories (NIMR). 
These cells, derived from human embryo lungs, were continuously 
monitored by NIMR for changes in karyology and are a well documented 
cell strain. The age of the various cell strains employed, as deter­
mined by the passage number, varied from initial propagation to 30 
passages with .HEF strain's derived in this laboratory and 12 to 30 
passages with MRC,_ cells.
Medium
HEF cells were propagated in a commercially prepared Eagle1s 
minimum essential medium (Flow or Biocult Laboratories) based on Hanks' 
balanced salt solution (Eagle, 1959). For growth purposes the medium 
was supplemented with 10% Cv/v) calf serum (Biocult - gamma irradiated)
2.0 mM glutamine (Sigma) and v/as buffered with 10 mM sodium bicarbonate 
and 7 mM N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid (HEPES; 
Williamson & Cox, 1968). For maintenance of stock cultures the serum 
level was reduced to 2% (v/v).
During experimental procedure, HEF monolayers were maintained in 
the above medium, except the calf serum used was Inactivated at
56°C'/30 minutes and the concentrations.of sodium bicarbonate and HEPS 
were increased to 12 mM and 14 mM respectively (MM).
Stock cultures were propagated on antibiotic-free medium but 
experimental MM was supplemented with 100 units/ml penicillin and 100 
pg/ml streptomycin.
Subculture
HEF stock cells were propagated in 16 oz - 20 oz medical flats. 
Confluent monolayers were subcultured by detaching cells with 0.25% 
trypsin in Hanks’ BS3. The period of exposure to the enzyme prepar­
ation was kept at a minimum (3-4 minutes at room temperature). Cells 
were suspended in growth medium (100-150 ml) and redistributed into 
16 oz - 20 oz bottles at a ratio of 1 : 2 or 1 : 3 or into the 
experimental culture system (see below). Cells were propagated at 
36°C. .
Experimental culture system
HEF cells were propagated in 16'mm diameter tissue culture wells
(Linbro Disposotray No FB 54 TC). Wells were used in conjunction
with clear polystyrene lunch boxes (17 cm x 11 cm in size - Stewart
Plastics, No. 141). A maximum of 15 wells could be housed in each
box. When the experimental culture system was required for virus
assay or cytological observation, the plastic wells were provided
with a 13 mm diameter round glass coverslip (Chance No 1). In both
cases the experimental culture system v/as sterilized by ultraviolet
irradiation. Wells v/ere seeded with 1 ml cell suspension in growth
5
medium containing about 10 cells per ml. Boxes were sealed with 
PVC electrical tape to prevent loss of moisture. Cells v/ere then 
dispersed by gentle shaking and incubated at 36°C until monolayers
were confluent (3 ~ 4 days). When confluent, the medium v/as replaced 
hv maintenance medium (MM) and normally incubated for a further 24 
hours before use. Observations v/ere carried out using an Olympus 
inverted microscope incorporating a phase contrast facility. The. 
proportional allocation of wells was as follows: for virus assay
and cytology experiments, a minimum of three wells per sample; for 
radioactivity incorporation experiments, a minimum of five wells per 
sample.
Occasionally, HEF cells v/ere propagated in 60 mm petri dishes 
(Nunc) and then two petri dishes were used for each sample.
Phenylalanine deprivation
For studies concerned with amino acid deprivation, monolayers 
v/ere starved overnight in MM free from the amino acid and calf serum. 
For this purpose the minimum essential medium was prepared locally and 
based on the formula of the commercial MEM but stored as separate 
stock solutions.
Serum deprivation
In studies with dl-desthiobiotin it v/as essential to use HEF 
monolayers starved of calf serum for.48 hours prior to infection,, 
during virus adsorption and the period of infection.
VIRUS
The human cytomegalovirus (HCMV) strain, Rawles, v/as used and 
the virus v/as obtained from Professor H. Stern,,Virology Departmen 
St. George’s Hospital. This virus grew v/ell in both muscle/skin 
cells and MRC^ cells, producing good titres of extracellular virus 
Reference is made to another HCMV strain,.West, isolated by the 
Virology Diagnostic Laboratory, St. Mary's Hospital from a cardiac 
patient in the National Heart Hospital.
Stock preparation
HEF monolayers were infected at a multiplicity between one 
and five single cell foci forming units per ceil (SCBTU/Cell).
Near the time of maximum cell-free virus titre, the MM was 
changed then harvested/changed on successive days. This .super­
natant was centrifuged at low speed to remove cell debris and 
stored in suitable ampoules in a vapour phase liquid nitrogen 
container (Union Carbide). Under these conditions virus infect— 
ivity v/as maintained for at least twelve months with only slight 
drop in titre. Virus titres after liquid nitrogen storage 
yielded about 10*^  SCFFU/ml.
Virus stocks used in experiments involving amino acid and 
serum deprivation were prepared as follows. Suitable virus rich 
MM from infected monolayers was clarified by low speed centri­
fugation (50QG/5 minutes). The supernatant fluid was -then 
subjected to 20,000G for one hour in an International high-speed 
bench centrifuge. The virus pellets v/ere resuspended in a volume 
of Hanks’ solution and stored in liquid nitrogen as previously 
described.
Assay methods
• Two methods were used. The first and predominant one was by 
enumeration of the early rounded cells or single cell foci (SCF). 
Monolayers were fixed and counts made after 48 hours incubation..
This was prior to the appearance of cell-free and,, in most instances, 
cell associated infective virus. The temporal relationship between 
the production of SCF and infective virus is illustrated by Fig. 1 
(page 62) and Fig. 14 (page 1190 in the Results Chapter.
The SCF method provides an accurate and rapid assessment of 
virus titre (Conchie et al., 1968; Tyms, 1970; Holmes, 1974;
Garnett, 1975). '
The second and more traditional method of assay of infective 
virus, the microplaque method, was used in this study in conjunction 
with the SCF method. The microplaque method v/as used to detect small 
amounts of infective virus (Chiba et al., 1972; Tyms, 1970).
Preparation of inocula
In order to determine the cell associated levels of infective 
virus, infected monolayers were scraped off into a known volume 
of fresh Ml. After transfer to a centrifuge tube, the preparation 
was subjected to electrosonic treatment for one minute (Headland 
v/aterbath). It was noted previously that the treatment was sufficient' 
to disrupt the majority of cells. Also, electrosonication for three 
minutes failed to lower infectivity titres of an HCMV'suspension 
(Tyrns, 1970). Cell-free virus inocula were prepared.by centrifuging 
the used MM of infected monolayers at 500G for five minutes using the 
swing-ouJc head of an MSE minor. In both instances 0.2 ml volumes 
v/ere inoculated onto HEF monolayers undiluted or after dilution in 
fresh MM. Virus was allowed to absorb for two hours at 36°C. The
inoculum v/as then replaced with 1 ml MM and reincubated.
After preparation of inocula, all samples v/ere stored under 
liquid nitrogen (vapour phase) in suitable aliquots.
Procedure for assay of infectivity
After 48 hours incubation, monolayers that contained suitable . 
numbers of SCF, as determined by microscopic examination, v/ere fixed 
with 5% formalin in Dulbecco phosphate buffered saline (PBS).
■Coverslips v/ere then mounted on microscope slides and SCF counted 
using a PZO microscope (PZO, Warsaw) fitted with a sub-stage polar­
izing unit. Preparations were normally viewed by negative phase 
contrast and SCF appeared bright against a-dark background. The number 
of SCF enumerated v/as usually between 50 and 500. This depended on 
the infectivity titre of the virus preparation and whether or not 
coverslips v/ere selected from a range of virus dilutions. The number 
of fields required depended on the number of SCF present in the 
monolayer and normally between 3 and 10 fields were randomly selected. 
Small numbers of SCF were accepted as being significant but this 
depended on the number of non-specific rounded cells in the uninfected, 
control monolayers. Mitotic or other retractile cells were minimal 
in stationary HEF monolayers, although a change of medium often 
induced non-specific cell rounding. Small numbers of SCF v/ere more 
easily identified after staining;of infected monolayers by the 
immunofluorescence method using HCMV specific serum (Goodheart &
Jaross, 1963; Waner & Budnick, 1973).
For the estimation of plaque forming-units (PFU), respective 
infective monolayers were overlaid v/ith MM supplemented with 5% 
calf serum and 0.5% agarose (L!Industries Biologique Francaise SA). 
Microplaques were counted v/ith a low pov/er plate microscope, after
7 - 9  days incubation. Microplaques were stciined first with 0.02%
(v/v) neutral red (vital) in Hanks’ BSS (Plate 3C page 64). Between 
200 and 300 microplaques per well could be counted by this method, 
depending on length of time infected monolayers were incubated.
Multiplicity of infection
This was determined from the ratio of single cell, foci forming, 
units (SCFFU) in the virus inoculum to the average number of cells 
contained in a monolayer.
The SCF method as a measure of infectivity
Evidence that the SCF method is a valid means of measuring virus 
infectivity v/as provided by: the linear relation to dilution; equiv­
alence to the plaque method; the physical association of the phenomenon 
with the infective virion; the temperoral plateau in SCF development.
*
Linear relation of SCF numbers to dilution: Series of
HEF monolayers v/ere inoculated with 0.5 loa dilutions of HCMV
"10
and virus was allowed to adsorb for different times during the 2 hours 
pi. At the end of each adsorption period, the inoculum v/as removed and 
MM added to each series of monolayers. Infected monolayers v/ere 
incubated at 36°C for 48 hours then fixed and SCF numbers determined 
(Figure L).
SCF numbers show a linear relation to dilution when sufficient 
time was aliov/ed for virus adsorption.
*
Equivalence between•the SCF and plaque assay methods: A
suspension of HCMV was assayed by both the SCF method and the
plaque method. A series of 0.3 log dilutions were made and virus v/as
10
allowed to adsorb for 2 hours at 36°C. After 48 hours incubation at 
36°C, respective monolayers v/ere fixed and SCF numbers determined. 
Monolayers for plaque estimations v/ere stained and counted after 9 
days incubation at 36°C (Figure E).
Both SCF numbers and plaque numbers show a linear relation to 
dilution. The estimates of virus titre by the SCF method were about 
0.5 log greater than by the plaque method. However, equivalence 
between the tv/o methods is clearly demonstrated.
«
Sedimentation characteristics of the SCF factor and infective virions: 
From a study of HCMV by rate zonal centrifugation, it was established 
that the factor responsible for the induction of SCF sedimented' to the 
same position in a sorbitol gradient (20 - 70%) as the Infective virion.
No ’soluble' factor v/as associated with SCF induction. It v/as concluded 
that SCF development was Induced by the virion.
Temporal plateau: Results in Figure IB (page 62) show a
sufficient plateau, after the Initial development of SCF and 
before the production of progeny virus, for the assay of SCF.
Tyms (1970).
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CYTOLOGY
Acridine orange method f o r  nucleic acids
Cell monolayers v/ere fixed in situ v/ith ab’solute alcohol for 10 
minutes and then stained v/ith 0.1% acridine orange in-Mcllveins' 
buffer (pH 3.0) for 15 - 20 minutes. The stain was rapidly differ­
entiated in the same buffer and washed in PBS before mounting in 10% 
glycerol in PBS. Preparations were examined by fluorescent micro­
scopy using a blue primary filter and an LS/200 secondare' filter in 
conjunction v/ith a quartz-iodine Tight source (Giliett T Sibert).
The method was a modification of that described by Hasten (1967).
Indirect immunofluorescence method
Serum from a convalescent patient with high complement fixing 
and neutralising antibody levels to HCMV was used as virus specific 
antiserum. Antigen-antlbody complexes v/ere rendered visible v/ith 
the use of antihuman globulin labelled with fluorescein isothiocynate 
(BBL). Optimal dilutions v/ere determined by preliminary tltraticn 
employing HCMV infected monolayers. Reagents were filtered through 
a 220 mp millipore filter before use to remove unwanted precipitate.
Cell monolayers on coverslips v/ere washed once in PBS and fixed 
in cold acetone (or in some experiments with methanol : chloroform 
1 : i mixture) for 10 minutes and allowed to dry. After washing in 
PBSHCMV specific antiserum was added and monolayers were incubated 
at 36°C for 45 minutes in a humid atmosphere. Monolayers v/ere then 
washed several times in PBS, treated with .an antihuman fluorescein 
conjugate and reincubated for a further 45 minutes. About 10 minutes 
before the end of this incubation period, a .couple of drops of a 0.2% 
solution of napthalene black v/as added to each monolayer. Preparations
were then thoroughly washed.in PBS, and mounted in 70% glycerol in 
PBS. Preparations were examined by fluorescent microscopy incorpor- . 
ating a Turner interference primary filter and an LS/200 secondary 
filter in conjunction with a cardioid dark ground sub-stage condenser 
and quartz-iodine light source (Gillett & Sibert). Fixed preparations 
were satisfactorily stored at -20°C before staining. •
Photography
A Gillett & Sibert microscope system fitted with camera back, 
lamp control unit, moving coil light meter and camera focusing attach­
ment was used.' Photographs were taken in colour using Kodak high 
speed Ektachrome (XSA 160) or Kodacolor II (80 ASA) and in black and 
white with Kodak Tri~X pan (ASA 400).
-Electron microscopy
Infected monolayers were detached from the plastic by washing 
v/ith PBS using a pasteur pipette. Monolayers were then pooled and 
thoroughly cleansed of KM by regular changes of PBS. The clump of 
infected cells was gently deposited in a conical centrifuge tube by 
low speed centrifugation (200G/3 mins). Cells were fixed in Karnowsky’s 
fixative (30 minutes) and after washing in PBS, post-fixed in osmium 
tetroxide (1% for 30 minutes). After dehydration in graded ethyl 
alcohol, the cell preparation was finally' washed in 1,2-epoxypropanol. 
Cell preparations were embedded in resin (Epon 812/DDSA/HHPA - Taab 
Laboratories) and the process v/as accelerated v/ith BDMA (Taab 
Laboratories). Ultra-thin sections (600-900A) v/ere cut using a 
Cambridge-Huxley ultramicrotone and stained v/ith lead citrate.
Sections v/ere examined using a Phillips 300 electron microscope and 
photographed on Ilford EM5 plates.
CHEMICAL INHIBITORS
Cycloheximide, dl-desthiobiotin, parafluorophenylalanine (pFPA) 
and cycloheximide v/ere obtained from Sigma (London) Chemical Company 
Limited and actinomycin-D and cX. -amanitin from Calbiochem Limited, 
Hereford. Cordycepin v/as a personal gift from MRE Porton and 
5’~fluorouridine 2'-deoxyribose a personal gift from Roche, Welwyn 
Garden City.
Stock solutions of the inhibitors were prepared in suitable 
concentrations in Hanks’ BSS, sterilised by filtration (millipore 
220 mp) and stored in aliquots at -60°C.
During experiments involving early events, the inhibitor in 
question was sometimes incorporated into the inoculum at the 
desired concentration. 'When this v/as the case a note is made in 
the results section. Otherwise, the MM v/as supplemented with the 
desired concentration of inhibitor which v/as added to the respective 
monolayers after the virus adsorption period.
During experiments involving shift-off procedure, the chemical 
inhibition was reversed as follows, cx-amanitin or cycloheximide 
v/ere removed by draining the MM from infected monolayers.. After 
thorough washing v/ith Hanks’ solution, monolayers were re-fed v/ith 
normal MM. Thymidine was added to FUdR treated infected monolayers 
in at least equimolar concentration. When shift-on procedure was 
used, the MM of infected monolayers was supplemented with a concen­
trated solution of the inhibitor to the required level.
THERMAL CONDITIONS
A system v;as developed during the course of this study for the 
provision of accurately determined temperatures*with a small working 
tolerance. This was achieved with waterbaths incorporating an ultra­
sensitive control system using an adjustable contact thermometer and a 
solid-state switch (Grant SX series). Heater power v/as adjustable down 
to 10% of maximum to ensure minimum temperature fluctuation. The circuit
v/as also protected against the danger from high voltage transients.
+ oSensitivity using water was -0.01 C. Actual water temperature was 
measured using a thermometer calibrated to measure 0.1°C centigrade 
(Gallenkamp). The plastic boxes containing the well'culture'system v/ere ■ 
floated in the water and covered by an aluminium shell, the skirt of 
which v/as submerged. This shell, apart from'weighing the plastic box 
and contents lower in the water, provided a heated insulation around the 
box. Thus, condensation of water derived from the culture medium v/as 
reduced to a minimum. An example of the insulator used during the 
thermal studies is illustrated in Plate 1. Waterbath temperature v/as 
monitored, when possible, at least tv/ice daily.
In the temperature studies virus was''normally allowed to adsorb at 
36°C for 2 hours before the inoculum v/as removed and MM added. Infected 
monolayers were then transferred to the selected temperature. Occasion­
ally, virus v/as allowed to absorb at room temperature (20°C) before 
addition of MM and transfer to the respective temperature. In this case 
zero time for the experiment v/as considered to be from the end of the 
adsorption period, while in the previous case, zero time v/as taken from 
the onset of adsorption.
In shift-down or shift-up experiments, the MM was not changed during
the course of an experiment.
Plate  1
P late  2
The experimental cu ltu re  system and aluminium 
in su la to r  used during the thermal studies.
Photograph is a h a l f  the actual s ize .
The m ultipo in t system used fo r  co llec t ing  and 
washing TCA p rec ip ita tes .
Photograph is a quarter the actual s ize .

INCORPORATION OF LABELLED PRECURSORS
Whole cell preparation
Results of the majority of experiments concerned v/ith macro- 
molecular synthesis were derived by measuring the incorporation of 
labelled precursors into acid insoluble precipitates of. whole cells. 
Radioactivity was measured in a Packard three channel liquid scintil­
lation spectrometer (model 3310). The synthesis of DMA, RNA, protein
and phospholipid in infected and uninfected cells was monitored by the
1A
use of tritium or C carbon labelled precursors. In Table l;is 
listed the labelled precursors, with the specific activity, used 
during this study. The labelled compounds were obtained from the 
Radiochemical Centre, Amersham, Buckinghamshire. •
The rate incorporation procedure was predominantly used in 
experiments designed to study macromolecular synthesis. The rate of 
incorporation was determined by supplementing the respective mono­
layers with the labelled precursor, at various intervals after 
infection .for a predetermined length of time, before sampling. This 
labelling procedure was carrried out at 36°C and normally for not 
more than one hour.
•On completion of the exposure period, monolayers were immediately 
frozen at -50°C to prevent further incorporation of label. After 
thawing, monolayers were harvested into existing KK, pooled and 
disrupted in an electrosonic waterbath for one minute. Aqueous 
trichloracetic acid (TCA) solution was added to each sample to a final 
concentration of 10% (v/v). Precipitates were floculated by incubation 
in a 37°C waterbath for ten minutes.
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Precipitates were then processed by one of two methods
1) Cen brifugation
The precipitate was pelletted by centrifugation at 
1500G for '10 minutes. The supernatant was’discarded and the 
precipitate was resuspended in 2% TCA. This was repeated 
three times. After discarding the supernatant from the.last 
wash, the pellet -was allowed to digest in Soluene (Packard) 
normally at 36°C overnight (see method evaluation). Each 
digest was then transferred to a scintillation vial by wash­
ing with Bray’s scintillation mixture (see Appendix) and the 
radioactivity incorporated -was determined.
2) Filtration
The precipitate was evenly collected onto Whatman 
GF/C glass fibre paper filter employing the multipoint 
collection system designed by Dr. L-.C. Archard, Virology 
Department, St. Mary’s Hospital Medical School, and illus­
trated in Plate 2. After thorough washing'with 2% TCA under 
slight negative pressure, filter pads containing the washed 
precipitates were transferred to scintillation vials. Two 
drops of distilled water added to moisten the precipitate 
and 0.5 ml Soluene (Packard) was added. The precipitates 
were digested overnight at 36°C (see method evaluation). . 
Then, either 10 mi of Bray’s solution or a toluene based 
scintillation mixture (see Appendix) was added to each vial. 
Thorough agitation resulted in disruption of the filter pad 
and mixing of digest and scintillation mixture. The radio­
activity incorporated was determined.
Cell fractionation
A limited number of experiments were carried out to determine 
the radioactivity associated with nuclear and cytoplasm fractions of 
representative cell monolayers. HEF monolayers were propagated in 
60 mm petri dishes or plastic wells and the cells were - fractionated 
using the non-ionic detergent Non-Idet P40 (Shell).
On completion of the period of exposure of cells to the labelled 
compound, the MM was replaced by ice cold PBS. Monolayers from two 
dishes or five wells, were removed by trypsinization at 10°C, pooled 
and washed, immediately with ice cold P35 by low speed centrifugation 
(500G/3 minutes) to remove the enzyme. The cells were then suspended 
in 2 ml ice cold tris-isotonic buffer (see Appendix) and a further 
2 ml of the buffer containing 0.5% Non-Idet P40 was added. The cell 
suspension i\ras thoroughly mixed and allowed to stand at room temper­
ature for five minutes. During this period disruption of the cyto­
plasmic membrane took place. After further mixing the cell nuclei 
were sedimented at 500G for ten minutes. The supernatant was 
removed and precipitated with a final concentration of 5% TCA. This 
constituted the first cytoplasmic fraction. The nuclei pellet.was 
resuspended in 0.1 M citric acid (pH 2.5) containing 0.25% Non-Idet 
P40, mixed and left at room temperature for ten minutes. Nuclei 
were sedimented and the supernatant precipitated as" before. The 
nuclei pellet was then resuspended in a similar volume of buffer and 
precipitated with TCA. The precipitates, which'were stored at 4°C, 
were sedimented at 1500G for ten minutes, digested with soluene 
and transferred to vials with Bray's mixture before the radioactivity 
incorporated was determined. The cytoplasmic values were combined and 
constituted the radioactivity associated with the cytoplasmic fraction.
METHOD EVALUATION
Comparison of the two methods for TCA precipitate processing
The KM was changed in a group of 20 confluent HE? monolayers
and approximately five hours later, each well was pulse labelled
14
for one hour with 0.2 uCi/ml C amino acid mixture, before 
freezing. Monolayers were then harvested, cells disrupted, pooled . 
and precipitated with TCA. The precipitate was then distributed 
into four equal samples. Duplicate samples were then processed 
by the centrifugation method and duplicate samples by the filtration 
method. The latter procedure was similar to before with'the follow­
ing exceptions. The original filtrate was collected from both 
samples and processed as described for the centrifugation method.
The filtrate from the first and third 2% TCA wash was collected and 
0.2 ml of the fluid monitored for free radioactivity. All samples 
were assessed for radioactivity using Bray's mixture. Results are 
shown in Table 2.
The amounts of labelled precipitate recovered from sample 1 was 
similar with both methods but the filtration method was about 20% , 
more efficient with sample 2. The filtration method v/as an - efficient 
procedure for the recovery of precipitates; no visible precipitate 
was recovered from the original filtrate by centrifugation and low 
levels of radioactivity were measured in these samples. The amount 
of radioactivity measured in the filtrate from the- third wash (5ml 
volume) indicated that'an insignificant amount of free radioactive 
label remained associated with the precipitates.
Filtration v/as the method of choice for processing the TCA 
precipitates in this study.
Table 2 : V a l id i ty  o f  the f i l t r a t i o n  method fo r
co lle c t in g  TCA p re c ip ita te s .
Source o f  R ad ioactiv ity
P re c ip ita te  by f i l t r a t i o n  method 
Centrifugation o f  f i l t r a t e
•k
F i r s t  Wash
•k
Third Wash
P re c ip ita te  by cen tr ifug ation  method
Adjusted fo r  sample volume 
Results are expressed as DPM
Sample 1 Sample 2
12,884 18,495
26 32
202,125 195,225
725 1,825
13,415 14,992
Effect of volume of precipitate on the efficiency of the TCA 
filtration method
Experiments were designed to establish whether the volume of 
precipitate collected on the glass fibre discs affected the solubliz- 
ation process.
The I#I v/as changed on a group of 26 confluent HEF monolayers and
after five hours incubation each'well v/as pulse labelled with 0.2 pCi/ 
14 .
ml C ammo acid mixture. The incorporation of label v/as stopped by 
freezing at -50°C. After thawing, the monolayers.were harvested, 
cells disrupted, pooled and TCA precipitated. The precipitate v/as 
then redivided into two groups of 6, 3, 1.5 and 0.75 well equivalent 
volumes. The eight precipitates were collected separately on glass 
fibre discs and treated as described previously. After.the addition 
of soluene, one group v/as incubated at 36°C overnight and the second 
group at 56°C for sixty minutes. At the end of the incubation period 
10 ml Bray1s .solution v/as added to each sample. The radioactivity 
associated with each sample was measured and is recorded in Table 3.
When solublization was allowed to take place overnight at 36°C
the relationship between amount of radioactivity measured and volume
oof precipitate v/as linear. Similar results were recorded at 56 C. 
except complete solublization of the greatest amount of precipitate 
did not seem to occur during the 60 minutes at 56°C.
Overnight incubation of precipitates with soluene at 36°C was 
the procedure adopted in this study.
Labelling of phospholipid with C choline
1A
The specificity of labelling of phospholipid with ,C choline
Table 3 : E ff ic ien c y  o f  the f i l t r a t i o n  method in re la t io n  to
the amount o f  TCA p re c ip ita te  and duration and 
temperature o f  soluene digestion .
Amount o f  p re c ip ita te  
in  well equivalents
Digested overnight 
a t  36°C
Digested fo r  
60 minutes a t  56°C
6
3
105 
0o75
24.490
12.490 
6,051 
3,101
12,425
12,223
6,262
3,211
Results are expressed as DPM
was established by treating suitably labelled TCA precipitates,
collected on GF/C glass fibre paper filters, with a chloroform/.
methanol mixture* 1 ml of chloroform : methanol (2 : -1) was added
to the precipitate and left for 5 minutes. 'This v/as removed and, .
the precipitate was washed with a further 4 ml of the solvent mixture.
The process was repeated using chloroform : methanol (1. : 2). These
precipitates, along with untreated samples, .were digested .with soluene,
incubated at'36°C overnight and the radioactivity was measured.
•Results presented, in Fig. 3 (page 99) show a significant reduction of 
1A
C choline associated with TCA precipitates after solvent treatment.
The method was based on that used by Hakomori and Murakami (1968).,
Indirect immunofluorescence method
With the reagents used in this study a complete negative result 
was consistently obtained if either the human HCMV antiserum or the 
conjugated anti-species serum v?ere omitted from the test. Also, at 
the concentrations of reagents used (optimal concentrations determined 
by titration), uninfected monolayers did not react by the immuno­
fluorescence method. Control human serum from children, negative by 
the complement fixation test (CFT) to HCMV.and herpes simplex, gave a 
negative reaction by the indirect immunofluorescence method, except 
for signs of fluorescence in the area of the cytoplasmic inclusion 
body» Similar observations have been reported elsewhere' (Jack & Wark, 1971 
Gaudin .et al*, 1974) and the immunofluorescent reaction with negative- 
control sera can be explained bv the presence olf a-new Immunoglobulin G 
receptor associated with the cytoplasmic inclusion body which binds immuno­
globulin G of man or other species, (Furukawa et al., 1975d)*
Acridine orange staining method
The fact that acridine orange" binds and induces, fluorescence is an
indication of the sensitivity of the dye to molecular size and shape 
and is not a qualitative marker for the two nucleic acids. Acridine 
orange does not distinguish between DNA and RNA but between high 
molecular weight nucleic acid (green) and low molecular weight nucleic 
acid (red). Denaturation or depolymerization of high molecular weight 
nucleic acid can result in a change in the staining reaction (Gray,
1974). In HCMV infected cells the high molecular weight nucleic acid 
was considered to be DNA and the low molecular weight nucleic acid to 
be RNA.
Inhibitors of macromolecular synthesis
Protein: Cycloheximide markedly inhibits protein synthesis in
HeLa cells (Warner et al., 1966). This inhibitor does not affect
the first two enzymatic steps in protein synthesis, namely amino acid
activation and the association of amino acids to the transfer RNA,
but the third enzymatic step, the transfer of amino acids from aminoacyl
transfer—RNA to the polypeptide chain is inhibited by cycloheximide
(Siegel & Sisler, 1963; Ennis & Lubin, 1964). A concentration of
cycloheximide 100-fold greater than that required to achieve maximum
reduction in protein synthesis immediately ;did not affect the incorpor- 
14
ation of C uridine into L cells (Ennis & Lubin, 1964). These workers 
also showed a greater effect of cycloheximide (10 pg/ml) on protein • 
synthesis (95% inhibited) than on DNA synthesis (50% inhibited). When 
cells were washed free of cycloheximide, protein synthesis resumed 
promptly at a rate comparable to appropriate controls (Ennis & Lubin,
1964). Thus, inhibition by cycloheximide is easily reversed.
Ennis and Lubin (1964) reported that puromycin, but not cycloheximide, 
accelerates the release of nascent polypeptide chains from microsomes.
Puromycin consists of an amino nucleoside linked to an amino acid 
(Yarmolinsky & DeLa Haba, 1959)* It is suggested by these workers 
that due to a close molecular resemblance to the amino acid bearing 
end of transfer-RNA, puromycin acts as an analogue of transfer-RNA 
and interacts competitively with the growing polypeptide chain* This 
results in the release of polypeptides containing a terminal puromycin 
molecule (Farber, 1972),
Parafluorophenylalanine is a structural analogue of phenylalanine.
In the presence of the analogue competition occurs for active sites 
on the enzyme responsible for the association of phenylalanine to the 
respective RNA molecule. The amino acid is replaced in protein by the 
analogue and the quantity of phenylalanine incorporated into protein Is 
reduced (Richmond, 1962). This block in protein synthesis is easily 
reversed by an excess of phenylalanine.
RNA: c<  -  amanitin, at a concentration of 10 pg/ml,'markedly
Inhibits the RNA polymerase type II but only slightly affects the
activity of RNA polymerase type I even when used at a concentration 1,000-
fold greater (Fiume, 1972). Two forms of DMA-dependent RNA polymerase
are described for the mammalian cell (Roeder & Rutter, 1969). At low
"ft
ionic strength, In the presence of Mg , a ribosomal-like RNA is syn­
thesized and the enzyme responsible predominates In the nucleolus (type
-if
1). In the presence of Mn“, at a higher ionic strength, a more DNA- 
like RNA is synthesized and the enzyme activity is dispersed throughout 
the nucleoplasm (type II). cx -amanitin seems to be selective for the 
protein of the extranucleolar enzyme and inhibits by preventing elong­
ation of the nucleotide chain. Messenger RNA is synthesized in the 
extranucleolar site and RNA polymerase type II is reported to be
prominent In the synthesis of this molecule (Roeder & Rutter, 1969; 
Novello et al., 1970).
Cordycepin (3*~deoxyadenosine), an analogue, of adenosine lacking 
the 3’-OH group, is rapidly taken up by Cells and converted to 
3?-deoxyadenosine triphosphate (Guarino, 1967). Cordycepin is inserted 
into the RNA chain by the normal 5’-3* phosphodiester bond but the next 
5*-3’ bond cannot form because of the lack of the hydroxyl group.- When 
the Inhibitor is incorporated into the growing RNA molecule it prevents 
further elongation and therefore prematurely terminates RNA synthesis 
(Siev et.al., 1969). The synthesis of transfer RNA, rfbosomal RNA and 
mitrochoridrial RNA are inhibited by cordycepin (Siev • et al., 1969; 
Penman et al., 1970). Cordycepin does not affect the synthesis of 
nucleoplasmic heterogeneous RNA (Siev et al., 1969; Penman et al., 
1970). It is suggested that RNA polymerase type II is responsible for 
the major part of heterogeneous RNA synthesis (Zylber & Penman, 1971) 
and this enzyme appears to be relatively insensitive to the inhibitor. 
However, cordycepin reduced the amount of messenger RNA associated 
with HeLa cell ribosomes (Penman et al., 1970; Siev et al., 1969).
The synthesis of adenylate rich sequences of messenger RNA is affected 
by cordycepin and may account for the reduction of messenger RNA in 
the presence of the inhibitor (Darnell et al.,1971).
It was reported that DNA and protein synthesis were unaffected 
during short periods of exposure to cordycepin (Siev et al., 1969). 
More recently Weiss and Bratt (1975) suggested that cordycepin may 
inhibit protein synthesis.
The actinomycins were first isolated by Waksman and Woodruff in 
1940 and probably differ in the amino acid, content of their protein
:tv (lining ft V/aksman Actinomycin-D has been extensively
used in molecular biology as an inhibitor of DMA-dependent RMA
;the
and cordycepin. It functions by binding to the^DNA molecule and
consequently the synthesis of all cellular RNA species is affected
(Reich et al., 1962). However, it is suggested by Siev et al. (1969)
that ribosomal RNA synthesis is sensitive to low concentrations of
other species of RNA.
Reich et al. (1962) observed that DNA and protein synthesis of L
5 * -fluorour.acil, inhibits DNA synthesis in prokaryotic and 
eukaryotic cells. This is achieved when the inhibitor is phosphorylated 
and binds irreversibly to the enzyme thymidylate synthetase (Bosch et al. 
1958; Cohen et al., 1958; Hartmann ft Heideliberger, 1961; Mathews & 
Cohen, 1963).
Thymidylate synthetase (EC 2.1.1.b) catalyses the. methylation of 
deoxyuridine monophosphate to produce thymidine monophosphate in the 
presence of methylene te'trahydrofolate (Bosch et al., 1958; Langerbach 
et al., 1972). The enzyme-substrate-cofactor complex is not covalently 
bound and thymidine is produced as the product of the reaction. On 
the other hand, both FUdR and methylene tetrahydrofolate are covalently 
bound to. the enzyme, as shown by the stability of the complex to 
denaturation by sodium dodecyl sulphate and urea or trichloracetic
actinomycin-D' which are ineffective in blocking the synthesis of most
ceils was permitted In concentrations of actinomycin-D which markedly
inhibited RNA synthesis
DMA A»-fluoro-21-deoxyuridine (FUdR) , the nucleoside of
a c id  p r e c i p i t a t i o n  (L a n g e rb a ch  e t  a l . ,  1 9 7 2 ).
Lipid: Avidin or dl-desthiobiotin are inhibitors of fatty
acid biosynthesis (Wisnieski et al., 1973). Desthiobiotin is an 
analogue of biotin an essential cofactor In the synthesis of fatty 
acids. It was found necessary to deplete cells of serum before 
exposure to and during treatment with desthiobiotin, for the inhibitor 
to be effective (Wisnieski et al., 1973). This regime of serum star­
vation and treatment with desthiobiotin v/as employed in the present 
study.
CHAPTER THREE
R E S U L T S
CYTOLOGY
Early virus induced changes : cell rounding and virus specific
immunofluorescence
The rate of cell rounding or single cell focus (SCF) formation 
was examined. A comparison of the rate of development of SCF at 
different multiplicities of infection is shown in Fig. 1. Monolayers 
infected with 10 SCFFU per cell contained readily detectable numbers 
of SCF within 4 hours of infection and the majority of HEF cells were 
in the rounded form by 7 hours.. In monolayers infected at a multi­
plicity of 0.2 SCFFU per cell, SCF were apparent between 6 - 1 2  hours 
and the numbers of SCF reached a maximum by 48 hours. The appearance 
of SCF after 48 hours incubation is illustrated in Plate 3.
It was concluded that the rate of SCF formation was dependent on 
the multiplicity of infection.
Cell monolayers infected at the higher multiplicity of infection 
were fixed in acetone and examined by the indirect immunofluorescence 
method. At 2 hours pi, a distinct granular fluorescence v/as observed 
throughout the cell monolayer but before SCF development was evident. 
It was not possible to obtain photographs of the early fluorescence 
due to the rapid fading of preparations during the exposure period.
As SCF developed ( 4 - 8  hours) the fluorescence v/as observed as a 
diffuse reaction evenly distributed throughout the nucleus and cyto­
plasm and v/as evident also in the nucleoli and in the perinuclear 
area. At 24 hours pi, the fluorescence was more intense. A similar 
appearance was noted after 24 hours incubation when cell monolayers 
v/ere infected at a multiplicity of 0.2 SCFFU per cell (Plate 4).
Effect of chemical inhibitors and incubation temperature on SCF 
production
The effect of different inhibitors of protein synthesis on SCF
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Plate  3A: A confluent monolayer of human embryo
f ib ro b la s t  cell 's .
P la te  3B: The appearance o f human embryo f ib ro b la s t  c e l ls
when in fected with HCMV and incubated fo r  
48 hours a t  36°C. Single in fected c e l ls  (SCF) 
appear as round r e t r a c t i l e  c e l ls .
Phase contrast microscopy. Magnification x 210.
P late  3C: A foci o f in fected c e l ls  in a human embryo f ib r o ­
b las t  monolayer infected with HCMVjOverlayed with  
agarose supplemented MM and incubated fo r  144 hours, 
before treatment with a neutral red solution (0.02%). 
Infected c e l ls  re ta in  the neutral red more e a s ily  
than uninfected c e l ls ,  hence the stained appearance 
of the ‘ plaque1.
M agnification x 145.

Plate  4: The appearance o f HCMV infected c e l ls  when f ixed
in acetone and treated by the IF  method a f te r  
24 hours incubation a t  36°C. The fluorescent  
m aterial is d iffuse  and evenly d is tr ib u te d  through­
out the c e l l .  There are signs o f fluorescence  
associated with the nucleoli and nuclear membrane 
of the in fected c e l ls .
Magnification x 1,400.
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production was examined. Infected monolayers treated with 1 pg/ml 
cycloheximide developed SCF to the level of the inhibitor-free control. 
However, a concentration of cycloheximide between 5 pg/ml and 10 pg/ml 
significantly reduced SCF development and a concentration of 40 ug/ml 
completely inhibited SCF development when observed at 24 hours pi 
(Table 4). Higher concentrations of cycloheximide were cytotoxic.
Both 0.3 mM parafluorophenylalanine and puromycin at 1 pg/ml reduced 
SCF development to 40 - 60% of the inhibitor-free control at 24 hours 
pi. A greater concentration of either inhibitor was cytotoxic (Table 
4).
An incidental observation was made when monolayers were deprived 
of phenylalanine by overnight starvation in a phenylalanine and serum- 
free MM and then infected. At 48 hours pi, SCF developed in equal 
numbers whether or not the MM contained 0.2 roM phenylalanine. If the 
MM was supplemented with 2% undialized calf serum, SCF numbers were 
slightly greater in the presence or absence of 0.2 mM phenylalanine 
(Table 5).
Cycloheximide was the most effective inhibitor of SCF development 
and was the inhibitor of protein synthesis selected for further exper­
iments
The effect of inhibitors of DNA dependent RNA synthesis on the 
production of SCF was investigated. Infected monolayers were treated 
with actinomycin-D for 6 hours pi. A concentration of 0.1 pg/ml 
actinomycin-D reduced SCF numbers to 41% of the inhibitor-free control 
whereas 0.5 pg/ml completely inhibited SCF development. However, at 
24 hours pi results consistently showed that 0.5 pg/ml actinomycin-D 
was cytotoxic and lower concentrations were ineffective in blocking 
SCF development (Table 4).-
In monolayers treated with 0.5 pg/mlcX-amanitin, SCF development
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Table 5 : SCF production in phenylalanine and
c a l f  serum d e f ic ie n t  conditions.
+ ' 0 . 2 inM phenylalanine 2% c a l f  serum Mean No. o f SCF per f i e ld
+ + 1 3 4 + 3 0
+ -  1 1 0 + 1 7
133 + 31 
111 + 14
+ A ll  monolayers were starved fo r  24 hours p r io r  to in fe c t io n
■k
SCF count: (48 hours p i)  represents the mean number o f SCF
per f i e ld  + standard dev iation .
was reduced by 21% and 2 pg/ml of this inhibitor reduced SCF numbers 
by 87% compared to the controls. At the higher concentration of 
or-amanitin, cells that had retained their fibroblastic morphology 
in the monolayer, showed signs of cytotoxicity. , This was evidenced 
by development of granularity with the formation of retractile borders.
Cordycepin, at a concentration of 100 pg/ml, completely blocked 
SCF development when infected monolayers were observed at 24 hours pi* 
This concentration of the inhibitor, however, was cytotoxic after 48 
hours incubation. Cordycepin, at a concentration of 75 pg/ml reduced 
SCF numbers by 38% after 48 hours incubation and lower concentrations 
were ineffective (Table 4).
In general, inhibitors of DNA dependent RNA synthesis interfered 
with the development of SCF but the most striking reductions were 
evident near the cytotoxic dose.
The inhibitor of DNA synthesis, 5?-fluorouridine-21 deoxyribose 
(FUdR), when used in concentrations between 1 - 100 pM, reduced SCF 
production by about 20% when compared to the inhibitor-free controls 
(Table 4).
The effect of temperature of incubation on SCF development was 
investigated. Infected monolayers were incubated at temperatures 
between 20°C and 42°C for periods of 24 and 48 hours pi. Numbers of 
SCF were reduced by 54% at 42°C and 40% at 25°C but at 41°C SCF 
numbers were similar to the 36°C control and at 40°C numbers of SCF 
were greater than the control value. Incubation at 20°C, after virus 
was adsorbed at 36°C for 2 hours, completely inhibited SCF production 
for up to 96 hours (Table 4)- However, SCF appeared in similar numbers 
to the control when monolayers were transferred to 36°C for a further 
48 hours incubation.
Effect of chemical inhibitors and incubation temperature on the 
production of immunofluorescent material
Experiments were carried out to determine the effect of inhibitors 
of macromolecular synthesis or the effect of supraoptimal temperature 
on the early immunofluorescence. Infected monolayers, exposed to 
various concentrations of chemical inhibitor or different temperatures 
for 24 or 48 hours pi, were fixed in acetone and examined by the 
immunofluorescence method.
Results of immunofluorescence studies of infected monolayers main­
tained on MM supplemented with cycloheximide (1-40 pg/ml), confirmed 
the previous observation that the inhibitor blocked the development of 
SCF. Immunofluorescence was observed in the rounded cells and in some 
cells which still retained their fusiform morphology. The intensity 
of fluorescence was also reduced at the higher concentrations of 
cycloheximide. The distribution of immunofluorescent material in the 
infected cells treated with cycloheximide was similar to the untreated 
control cells. Diffuse fluorescence was observed in the cytoplasm and 
nuclei of infected cells and was prominent at the nuclear membrane and 
in the nucleoli. At a concentration of 40 pg/ml cycloheximide, infected 
cells still in the fusiform shape showed the diffuse fluorescence in 
the nucleus and cytoplasm. Results are illustrated by Plate 5.
When infected monolayers were treated withtx-amanitin (0.25 - 1.0 
pg/ml) for 24 hours, the number of SCF was reduced at the higher 
concentrations but immunofluorescence was observed in cells in the 
SCF form (Plate 6). At a concentration of 0.25 pg/ml and 0.5 pg/ml 
o<-amanitin, the distribution of the fluorescent material was similar 
to the untreated control cells. In cells treated with 1 pg/ml c<-amanitin, 
immunofluorescence was associated mainly with the nucleus.
Infected cells were maintained in serum-free conditions and treated 
with 2-4 mg/ral dl-desthiobiotin for 24 hours after infection. Diffuse .

Plates 5: The production o f fluorescent m ateria l by HCMV
infected c e l ls  maintained in d i f fe r e n t  concentrations 
o f cycloheximide.
5A 1 pg/ml -  24 hours
5B 10 pg/ml -  24 hours
5C 40 pg/ml -  24 hours
5D 40 pg/ml -  48 hours
5E In h ib i to r - f r e e  control -  24 hours
Note the number o f in fected c e l ls  in the fusiform  
shape in the 40 pg/ml concentration o f  the in h ib i to r .  
This type o f infected c e l l  would not be c la s s i f ie d  as 
in fe c te d , under the phase contrast microscope.
M agnification x 460.


Plates 6: The production of fluorescent m ateria l by HCMV
infected c e l ls  maintained in d i f fe r e n t  concentrations 
of pc-amanitin fo r  24 hours.
6A 0.25 pg/ml
6B 0 .5  pg/ml
6C 1.0 pg/ml
6D In h ib i to r - f r e e  control
The fluorescent material is  l im ited  to the c e l l  nuclei
a t  a concentration o f 1.0 pg/ml and to a lesser extent 
a t  0 .5  pg/ml. Also, the c h a ra c te r is t ic  pronounced 
kidney-shape of the nucleus found with ear ly  SCF, seems 
to be reta ined a t  the 1.0 pg/ml concentration.
Magnification x 460.

fluorescence was associated with the nuclei of infected cells, including 
the nucleoli (Plate 7). When 2% calf serum was present in the MM, the 
distribution of fluorescent material was similar to the untreated, 
control cells.
The effect of different temperatures on the production of immuno- 
fluorescent material was studied. At temperatures up to 41°C the 
pattern and intensity of the fluorescence was similar to the 36°C •
control (Plate 8). No immunofluorescence was observed in infected 
cells maintained at 20°C for 43 hours after virus was adsorbed for the 
first 2 hours at 36°C.
When infected monolayers were exposed to 80 pM FUdR for 48 hours 
after infection, the pattern and intensity of immunofluorescence was 
similar to the control.
The results showed that the inhibitor of DNA synthesis or the 
supraoptimal temperature did not affect the production of the early 
immunofluorescent material. Inhibitors of protein synthesis or DNA- 
dependent RNA synthesis reduced the number of SCF with a concomitant 
reduction of cells showing immunofluorescence. Some infected cells 
that retained their fusiform shape In high concentrations of cyclo- 
hexiraide did react by immunofluorescence. Also, the location of the 
immunofluorescence was restricted to the nucleus of infected cells 
after treatment with cx-amanitin or desthiobiotin.
The cytoloqical appearance of infected cells
A comparison was made of the cytological appearance of infected 
cells at various times after the onset of virus infection.
Infected monolayers were fixed and stained by the acridine orange 
method, at intervals of 12 hours, over a period of 96 hours incubation 
at 36°C. At 12 hours pi, infected cells were in the rounded form and

Plates 7
Plate 8:
: The production o f fluorescent material by HCMV infected
c e l ls  maintained in sercfin-free medium supplemented with  
d i f fe r e n t  concentrations of d l-d e s th io b io t in  fo r  24 hours 
a t  36°C.
7A In h ib i to r - f r e e  control
7B ... IF ,  control -  in fected monolayer treated  with a n t i ­
human globulin conjugate only
7C 2 mg/ml
7D 4 mg/ml
At both concentrations o f d l-d e s th io b io t in ,  the fluorescent  
m ateria l is re s tr ic te d  to the nucleus.
Magnification x 525.
The production of fluorescent m ateria l by HCMV infected  
c e l ls  incubated a t  41°C fo r  24 hours.
The appearance o f the in fected ce l ls  is s im ila r  to the 36°C 
control (see 6D).
Magnification x 460.
#ft•I'1
#
©
e
displayed prominent kidney-shaped nuclei. The intensity of acridine 
orange staining was similar to the uninfected control with the cyto­
plasm and nucleoli fluorescing orange/red and the cell chromatin green.
At 24 hours pi, infected cells had increased in size and in the major­
ity of cells the nucleus was swollen and no longer displayed the kidney 
shape. Both the cytoplasm and nucleolus stained more intensely. A 
stain-free area adjacent to the nucleus was observed at this stage. • A 
progressive increase in the size of the infected cell with a relative 
increase in the size of the nucleus was observed over the period studied. 
At 96 hours pi, cells were 3 - 4  times larger than cells at 12 hours pi. 
DNA-staining intranuclear inclusions were observed at 36 hours pi. They 
presented as 1 or 2 small bodies in the nucleus of about 50% of infected 
cells. By 48 hours pi, the majority of infected cells contained such 
intranuclear inclusions which increased in size between 48 and 95 hours. 
At 72 hours pi DNA-staining material was evident in the cytoplasm of 
infected cells, in the area previously characterized by the lack of RNA- 
staining material. At the later times cell nucleoli were large and 
prominently stained* Results are illustrated by Plates 9 and 10E.
The frequency and size of the intranuclear inclusions at the various 
stages of virus replication was a consistent feature of the infected cell 
and was used to examine the effect of chemical and thermal inhibition on 
virus replication. Throughout this chapter, the term ’inclusions’ refers 
to the intranuclear inclusions.
Infected monolayers were fixed in acetone and examined by the 
indirect immunofluorescence method after .72 hours incubation at 36°C. 
There was good correlation between the site of accumulation of virus 
antigen, both in the nucleus and cytoplasm of infected cells, and the 
location of DNA-staining inclusions observed by the acridine orange 
method (Plates 10).

Plates 9: The morphology o f infected c e l ls  and the development
o f inclusions during the course o f  virus re p l ic a t io n .  
Monolayers were stained by the acrid ine  orange method.
N = nucleolus
IN = in tranuclear inclusion
k
IC = intracytoplasmic inclusion
9A 12 hours
9B. 24 hours
9C 36 hours
9D 48 hours
9E 72 hours
9F 96 hours
M u l t ip l ic i t y  o f in fec tion  10 SCFFU per ce l l  
Magnification x 560
k
See p la te  10 fo r  in fected c e l ls  and inclusions  
i l lu s t r a te d  in colour.


Plates 10 (A-D): Infected c e l ls  treated  by the in d ire c t  immunofluoresce
m e t h o d - a f te r  f ix a t io n  in acetone or methanol: 
chloroform a t  24 hours.
10A Acetone -  24 hours
1 OB Methanol: chloroform -  24 hours
IOC Acetone -  72 hours
10D Methanol: chloroform -  72 hours
Note the loss o f the d iffu se  fluorescent material 
a f te r  f ix a t io n  in methanolichloroform.
M agnification x 460
Plate  10E: In fected ce l ls  stained by the acrid ine  orange method a t
72 hours p o s t- in fec tio n .
Good co rre la t io n  exists between th is  i l lu s t r a t io n  and 
10C as regards virus inclusions.
M u l t ip l ic i t y  o f  in fec tion  10 SCFFU per c e l l .
Magnification x 460.

During the course of the present study, infected monolayers were 
fixed in methanol : chloroform (1:1)  for 10 minutes instead of 
acetone and treated by the immunofluorescence method* The intracyto- 
plasmic inclusion retained the capacity to react,by immunofluorescence 
at 24 hours pi and both the intranuclear and intracytoplasrnic inclusions 
reacted 72 hours pi* Using this method of fixation the diffuse
fluorescence was no longer observed (Plate 10).
Effect of chemical and thermal inhibitors on the development of 
intranuclear inclusions
Experiments were carried out to determine whether or not the 
inhibitors of macromolecular synthesis or supraoptimal temperature 
blocked inclusion development. Infected monolayers were maintained 
in various concentrations of chemical inhibitor or at different 
incubation temperatures. At 72 hours pi, infected monolayers were 
fixed and stained by acridine orange. Results are summarized in 
Table 6.
Inclusion development was blocked by cycloheximide (1.0 pg/ml),
c<-amanitin (0.5 pg/ml), FUdR (100 pM) or a temperature of 40°C. The
morphological appearance of infected cells maintained in the presence 
of the Inhibitor and examined at 72 hours pi is illustrated in Plates 
11 G - K. Infected cells treated by c* -amanitin, FUdR or incubated 
at 40°C, retained the morphological,appearance typical of that observed 
in untreated controls at 24 hours pi. When infected cells were treated 
with cycloheximide their morphology resembled the earlier form of SCF 
as illustrated earlier in Plate 9A.
Plates 11 A - D illustrates the appearance of infected cells 
treated with a range of concentrations of cx -amanitin* A concentration 
of c<-amanitin that blocked inclusion development also blocked the 
intense RNA staining and expansion of the nucleoli. At a concentration
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Plates 11: Infected c e l ls ,  maintained in d i f fe r e n t  concentrations
of £<-amanitin and stained by the acr id ine  method a f te r  
72 hours.
11A 1.0 pg/ml
11B 0.5 pg/ml
n c 0.25 pg/ml
1 ID 0.1 pg/ml.
H E In h ib i to r - f r e e  control .
11F Typical normal appearance o f uninfected  
ce lls  a f te r  maintenance in  ex-am anitin  
(0.1 -  1.0 pg/ml) fo r  72 hours.
At 1 ug/ml cytotoxic signs are evident and a number o f  
in fected ce l ls  have retained early  SCF form (12 hour 
appearance). At 0 .5  pg/ml, SCF have developed to the 
24 hour appearance but not to the true cytomegalic form; 
th a t  characterizes infected c e l ls ;  th is  is  evident a t  
the lower concentrations o f the in h ib i to r .  However, 
inclusion production is retarded a t  0 .25 pg/m l.
M u l t ip l ic i t y  of in fec tion  2 SCFFU per c e l l .  
M agnification x 460.
N.B. The results  were photographed on d i f fe r e n t  f i lm .
Kodacolor I I  was used fo r  plates A-D and High Speed 
Ektachrome fo r  plates E and F.
I I

Plates 11 (cont): A comparison o f appearance o f in fected ce lls
maintained in the working concentration o f  
chemical in h ib i to r  or the minimum in h ib ito ry  
thermal conditions fo r  72 hours p o s t- in fe c t io n .
11G 1 pg/ml cycloheximide
11H 0 .5  pg/ml o<c-amanitin
11J 80 pM FUdR
m  40° c
Infected c e l ls  maintained in cycloheximide are  
noticeably d i f fe r e n t  by the lack o f development 
from the early  SCF form (12 hour appearance).
Magnification x 560.
Plate  12A: Inclusions in infected c e l ls  incubated a t  36°C fo r
72 hours p o s t- in fec tio n .
Plate  12B: Appearance o f inclusions in in fected c e l ls  incubated
fo r  72 hours a t  40°C (U K )  before shift-down to 36°C 
fo r  24 hours. An increased ra te  o f  growth o f
inclusions during the 24 hours incubation a t  36°C 
a f te r  the aborted period a t  40°C> is evident.
Magnification x 560.
■ ■
of 1 pg/ml <?<-amanitin (Plate 11A) a few infected cells remained in the 
early SCF form and this observation was similar to observations 
recorded previously with cycloheximide.
The accumulation of antigens, identified by the immunofluorescence 
method, at the sites of inclusions was also abolished under the 
conditions described above.
In the presence of cordycepin inclusion development was partially 
affected but only at a concentration of the inhibitor close to the 
cytotoxic level (Table 6).
Concentrations of cycloheximide, cx -amanitin, FUdR or a temperature 
of incubation that blocked inclusion development were used in further 
experiments.
Inclusion development after shift-off inhibitory conditions
Experiments were carried out to determine whether inclusion develop­
ment occurred after the chemical or thermal block was removed and to 
measure the rate of inclusion development when the block was reversed*
Infected monolayers were maintained on MM supplemented with the 
chemical inhibitor or incubated at supraoptimal temperature for a 
specified period of time pi. The blocks were removed as described in 
Material and Methods. Inclusion development was then monitored over a 
further period of incubation under permissive conditions. Results are 
summarized in Table 7.
When cycloheximide was removed from infected monolayers, the time 
of appearance and rate of development of inclusions was equivalent to 
that found in normal infected monolayers from the time of infection.
On reversal of the FUdR inhibited step, inclusions were present 
in cells about 24 hours earlier than above and the rate of development 
was normal.
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When infected cells were incubated at 36°C after incubation at 
40°C for 72 hours, inclusions appeared earlier and an increased rate 
of development was observed. During a period of 24 hours incubation 
at 36°C, inclusions increased to near 72 hour sice (Plates 12). When 
infected monolayers were incubated for 72 hours at 40.25°C the time 
of appearance of inclusions was delayed for 24 hours after shift-down 
to permissive temperature. However, inclusions then developed at an- 
increased rate.
It was apparent from the above results that inclusion development 
was reversibly inhibited by cycloheximide, FUdR or supraoptimal temper­
ature. The rate of development of inclusions, after the block was 
reversed, varied depending on the inhibitor used.
No inclusion development was observed during a period of 72 hours 
under permissive conditions after infected cells were exposed to 
cK -amanitin for 48 hours.
Inclusion development after shift-on inhibitory conditions
The development of inclusions was examined when chemical or thermal 
inhibition was induced after the initiation of virus growth.
The MM of infected monolayers was supplemented with' cycloheximide 
(1 pg/ml) or cx-amanitin (0.5 pg/ml) or FUdR (80 pH) at 24 or 48 hours 
pi. Also, infected monolayers were shifted up to 40°C at similar times. 
Infected cells were then examined for inclusion development.
Cycloheximide completely inhibited (shift-on at 24 hours pi) or 
caused immediate cessation of (shift-on at 48 hours pi) inclusion 
development. Similar results were observed using FUdR. Shift up to 
40°C at 24 or 48 hours pi inhibited inclusion development but the 
effect was not immediate. Significant inclusion development occurred 
after shift up to 40°C. ck -amanitin completely inhibited inclusion
development when added at 24 hours pi but when added at 48 hours pi 
inclusions developed to the normal 72 hour appearance.
Electron microscopic appearance of inclusions ,
The presence of small inclusions in a few cells were observed in 
infected monolayers maintained at 40°C from the time of infection.
The ultrastructure of these inclusions was examined by electron 
microscopy.
Electron micrographs were prepared from thin sections of infected 
cells which had been incubated for 120 hours at 40°C or 36°C. Results 
showed that the intranuclear inclusions present in infected cells 
incubated at 40°C, were sites of whole virus particle assembly. The 
sites of location of virus particles at supraoptimal temperature were 
comparable in structure to similar sites observed at 36°C (Plates 13).

Plates 13: Electron micrographs from th in  sections o f infected
c e lls  incubated fo r  120 hours a t  36°C or 40°C.
13A 36°C M agnification x 2,480
13B 36°C Magnification x 26,780
13C 40°C Magnification x 2,480
13D 40° C M agnification x 35,140
N = nucleus
Ne = nucleolus
IN = in tranuclear inclusion
IC = intracytoplasmic inclusion
NC -  nucleocapsids
C = capsids
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MACROMOLSCULAR SYNTHESIS
Effect of HCMV infection on the host cell
The effect of virus infection on host cell macromolecular synthesis 
was investigated. This was carried out by measuring the rate of■ 
incorporation of radioactive labelled precursors during the period 
immediately after infection. In most experiments the pulse labelling 
time was 1 hour and the radioactivity incorporated into TCA precipi­
tates of whole cell extracts was determined.
14
There was a peak in the rate of incorporation of C amino acids
(0.2 pCi/ml) in uninfected cells, soon after the addition of MM to
the monolayers. This peak of incorporation was absent in cells infected
with HCMV although there was a marginal increase In the rate of
incorporation of the precursors over the 24 hour period studied (Fig. 2).
14Similar results were recorded when C choline (0.1 pCi/ml) was used 
as the precursor. Results are recorded in Figure 3 and include the 
radioactive values associated with respective TCA precipitates after 
treatment with methylalcohol : chloroform (see Material and Methods).
The peak of activity associated with the uninfected cells was eliminated. 
This suggests that the major part of the label was incorporated into 
phospholipid.
Nucleic acid synthesis was determined by the dual label procedure,
3 14
with H thymidine (0.5 pCi/ml) and C uridine (0.1 juCi/ml) as precursors..
3There was a marked increase in the rate of incorporation of H thymidine
in the uninfected monolayers beginning 11 hours pi and the increased
rate of incorporation was blocked when cells were infected with HCMV.
14Incorporation of C uridine into infected and uninfected monolayers
remained at a constant level during the period studied (Fig. 4).
14C uridine (0.1 jiCi/ml) was used in further investigations, when
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and c e lls  treated  with l | jg . /m l.  cycloheximide ( t r ia n g le s ) .
Infected c e l ls  closed symbols and uninfected c e l ls  open symbols.
Pulse time one hour. M u l t ip l ic i t y  o f in fe c t io n  15 SCFFU per c e l l
separation of cells, into nuclei and cytoplasmic fractions, was
achieved. Infected and uninfected monolayers were pulse labelled for 
141 hour xtfith C uridine and then cells were fractionated. The radio­
activity in each fraction was determined. It wa’s established previously
Id
with uninfected cells that a pulse time of 1 hour enabled *C uridine
to be incorporated in the nucleus and relocated in the cytoplasm.
14'
The amount of C uridine found associated with the cytoplasmic ‘ 
fraction of infected cells was significantly reduced compared to the 
uninfected control values; the reduction was evident soon after
14infection of the cells (Fig. 6A). The rate of incorporation of C 
uridine into infected cell nuclei was similar to the uninfected control 
and in both instances, the amount of radioactivity was greater than the 
cytoplasmic level by 8 hours pi (Fig. 6B). This indicated that virus 
infection caused either an inhibition in the synthesis of host cell RNA 
species normally transferred to the cytoplasm or interfered with trans­
port mechanisms involved in relocation.
It is concluded that infection of HEF cells with HCMV reduced the 
rate of host cell macromolecular synthesis.
Effect of pFPA on protein synthesis during SCF development
14The effect of pFPA (0.2 rnM) on the rate of C leucine incorpor­
ation in cells deprived of L-phenylalanine is shown in Table 8. The
14 'rate of incorporation of C leucine was only marginally reduced by 
pFPA (0.2 mM) in both infected and uninfected cells at 6 and 12 hours pi* 
when compared to the inhibitor-free control supplemented with 
L-phenylalanine (0.2 mM). Deprivation of L-phenylalanine alone gave 
similar results, although the rate of incorporation was slightly less 
in the infected monolayers at 12 hours pi. The rate of SCF development 
was not affected by the different conditions.
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Effect of cycloheximide on early events
The synthesis of protein and phospholipid was examined during the
time of production of SCF and immunofluorescent material and the effect
of cycloheximide on these events was determined.
When the MM of infected or uninfected monolayers was supplemented
with cycloheximide (40 pg/ml) immediately after infection, the rate of 
14incorporation of C amino acids (0.2 pCi/ml) was substantially reduced
4
and maintained at a constant level, in both series of monolayers,
during the 14 hours pi (Fig. 2, Page 99). No SCF development was
observed in the cycloheximide treated monolayers after 24 hours and
neither group of monolayers showed visible signs of cytotoxicity.
Infected and uninfected monolayers were exposed to various
concentrations of cycloheximide ( 1 - 6 4  pg/ml) and pulse labelled with 
14
C amino acids (0.2 pCi/ml) at 5 and 23 hours pi. The amount of label 
incorporated in infected and uninfected cells was substantially reduced 
over the range of cycloheximide concentrations used. Although 1 pg/ml 
cycloheximide reduced protein synthesis by 77 - 85%, SCF development 
or immunofluorescence was relatively unaffected. A higher concentration 
of 16 pg/ml cycloheximide reduced protein synthesis by 85 - 90% only 
but SCF development and the production of fluorescent material were 
completely inhibited. A concentration of cycloheximide of 64 pg/ml 
was cytotoxic to both infected and uninfected cells and protein syn­
thesis was reduced by 86 - 94%. Results are presented in.Table 9.
14Similarly, the rate of incorporation of C arginine (0.1 pCi/ml) in
infected and uninfected monolayers was substantially reduced by 1 pg/ml
cycloheximide over the 14 hour period studied (Fig. 5, Page 100). In
14these experiments, the rate of incorporation of C arginine in the 
inhibitor-free infected monolayers was temporarily reduced between 6 
and 8 hours pi. This reduction corresponds to the period of inhibition
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14observed in the previously described experiments with C amino acids
(Fig* 2, Page 99). As expected from the high multiplicity of infection,
cell rounding was complete in the inhibitor free controls by 7 hours pi.
In cycloheximide treated monolayers the cell rounding, although reduced
in rate, was complete by 18 hours pi.
The synthesis of phospholipid was studied under conditions where
protein synthesis was substantially reduced. The rate of incorporation 
14 3of C choline and H phenylalanine in infected and uninfected cells was
determined, in the presence and absence of 1 pg/ml cycloheximide, by the
dual label procedure. Results are shown in Fig. 7-
14The overall rate of incorporation of C choline m  infected cells
was reduced, when compared to the uninfected control, over the 24 hour
period studied. However there was an increase in the rate of incor- 
14poration of C choline in infected cells between 12 and 24 hours pi.
In cells exposed to cycloheximide, the rate of incorporation compared
with non-inhibited controls was reduced in both infected and uninfected
cells, although the rate of incorporation was slightly greater in
uninfected cells. The rate of incorporation of the precursor increased
in infected cells treated with the inhibitor between 15 and 24 hours pi.
3The rate of incorporation of H phenylalanine in both infected and 
uninfected cells exposed to cycloheximide was markedly reduced. No 
difference was observed in SCF production at 24 hours pi. These 
results suggest that under conditions of the cycloheximide block, 
infected cells are capable of phospholipid biosynthesis. -
Protein synthesis under thermal inhibitory conditions
Protein synthesis was measured in cells incubated at different 
temperatures after infection. Results in Figure 8 show the effect 
of incubation at 40°C (abortive temperature for HCMV replication) and
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Figo7 Rate o f  incorporation o f  C choline (A) and H phenylalanine (B)
in untreated c e l ls  (open symbols) and c e l ls  trea ted  with lu g 0/m lc
cycloheximide (closed symbols)„
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Fig. 8 Rate o f  incorporation o f  amino acids a t  20°C, 35°C and 40°C.
In fected c e l ls  -  shaded area and uninfected c e l ls  -  unshaded area
Pulse time one hourc M u l t ip l ic i ty  o f  in fe c t io n  5 SCFFU per c e l l
0 *1 A:20 (SC? production inhibited) on the incorporation of . C amino acids
(0.2 pCi/ml) in infected and uninfected monolayers.
o oThe pattern of incorporation of C amino acids at 36 C and 40 C 
was similar to that recorded in an earlier section (Fig. 2, Page 99). 
Incorporation of the radiolabel in infected and uninfected monolayers 
at 20°C was similar and significantly reduced compared to results at 
36°C or 40°C.
The results suggest that HEF cells were able-to synthesize ' protein 
at 40°C. Also, the reduction in host cell protein synthesis as a result 
of HCMV infection was apparent during incubation at 40°C. The ability 
of HEF cells to synthesize protein was impaired.at 20°C.
Synthesis of DNA and RNA
Experiments were carried out to determine the time during virus
replication when DNA and PvNA synthesis occurred. The rate of incor-
3 14
poration of H thymidine (1 pCi/ml) and C uridine (0.1 jiCi/ml) in
infected and uninfected monolayers was measured using a dual label
procedure. A period between 0 and 72 hours pi was investigated* This
period included the onset of exponential virus growth.
3 . .A peak of H thymidine incorporation associated with the uninfected
cells was recorded at 24 hours pi and the peak was substantially reduced 
in infected cells. This was in accordance with earlier observations 
(Fig. 4, Page 100). The increased rate of incorporation associated 
with the infected cells began about “36 hours pi and peaked at 60 hours
pi. This peak of activity was not recorded in uninfected cells (Fig. 9A).
1A .
The rate of C uridine incorporation m  infected monolayers
increased from 24 hours pi and peaked at 48 hours. During the period
14of increased activity in the infected cells, the.rate of C uridine 
incorporation in uninfected cells remained at a constant level. The
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3 14F ig .9 Rate o f incorporation o f H thymidine (c ir c le s )  and C u r id ine
( t r ia n g le s )  -  0 to 72 hours.
Infected c e l ls  closed symbols and uninfected c e l ls  open symbols. 
Pulse time one hour. M u l t ip l ic i t y  o f in fe c t io n  5 SCFFU per c e l l
early peak of C uridine incorporation noted at 9 hours pi in the 
infected monolayers was observed in certain experiments only (Fig, 9B).
Kinetics of DNA synthesis
DNA synthesis was examined in infected cells in greater detail.
3The rate of H thymidine incorporation m  infected and uninfected 
monolayers were compared during the period.between 22 and 51 hours pi.
3
Representative monolayers i>/ere exposed to H thymidine (1 pCi/ml) for 
20 minutes at intervals of 60 or 120 minutes. At the end of the pulse 
period, monolayers were rapidly frozen to stop further.incorporation. 
Samples were processed as described previously. Results are presented 
in Figure 10.
The results supported the viev; that HCMV infection results in an 
inhibition of host-specific DNA synthesis. The onset of DNA synthesis in 
infected cells took place at 37 hours pi. Two distinct phases of DNA syn­
thesis were evident in the infected cellsj an early phase between 37 and
46 hours pi and a later phase from 46 hours onwards. It was evident by 
3
the rate of H thymidine incorporation, that DNA synthesis in infected 
cells occurred at a time when DNA synthesis in the uninfected cells had 
returned to the level associated with HEF cells in the stationary phase.
Effect of cycloheximide on DNA synthesis
Protein synthesis in infected cells was inhibited at different 
times after infection and the effect of the inhibition on DNA synthesis 
was examined. The MM of infected monolayers was supplemented with 
cycloheximide (1 jag/ml) at 24, 48 or 72 pi. DNA synthesis was measured 
after the inhibitor was added to representative monolayers by pulse
3
labelling with H thymidine (1 pCi/ml) for one hour.
When cycloheximide was added to infected monolayers at 24 hours pi
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DNA synthesis was inhibited. When the inhibitor was added to infected 
monolayers at 48 or 72 hours pi there was a decline in the rate of 
incorporation of the labelled precursor (Fig. 11). It was concluded 
from the results that protein synthesis was essential both prior to 
and during the DNA synthesis period in HCMV infected cells.
Synthesis of DNA and RNA at supraoptimal temperature
The effect of incubation temperature on the synthesis of DNA and 
RNA in infected cells v/as examined.
Results presented in Figure 12 show the effect of different
3
temperatures on the incorporation of H thymidine (1 pCi/ml) in infected
and uninfected monolayers. The radioactivity measured was incorporated
during a 1 hour pulse period at 48 or 72 hours pi. The rate of 
3
incorporation of H thymidine m  infected cells declined v/ith an. 
increase in the temperature of incubation. The level of DNA synthesis 
in infected cells at 40°C was reduced to the low level associated with 
stationary uninfected cells at 36°C.
In Table 10 a comparison is made of amounts of radioactivity 
incorporated in infected and uninfected monolayers, at 36°C or 40°C, 
over a period of 96 hours pi. It is apparent from the results at 24 
hours pi that host-cell DNA synthesis v/as also inhibited at a temper­
ature of 40°C.
Infected and uninfected monolayers incubated at 36°C, 40°C and
o 1440.25 C were exposed to C uridine (0.2 pCi/ml) for 1 hour at the
times shown (Fig. 13). The rate of incorporation in the infected cells 
at the three temperatures was similar and significantly increased 
compared to the rate recorded for uninfected cells at all three temper­
atures. It was concluded that infected cells incubated at 40°C and 
40.25°C were able to synthesize RNA.
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Rate o f incorporation o f  H thymidine in in fected c e l ls  a f t e r  
shift-on.cyclohexim ide ( Ip g . /m l . )  a t  24 hours -  closed c i r c le s ; 
48 hours -  closed t r ia n g le s ; 72 hours -  closed rectangles and 
in h ib i to r - f r e e  -  open c irc le s .
-3  .Less than 7 x 10 DPM was incorporated in  uninfected c e l ls .w ith  
or without cycloheximide.
M u l t ip l ic i t y  o f  in fec tio n  5 SCFFU per c e l l .
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F ig J 2  Incorporation o f  H thymidine in c e l ls  incubated a t  supra-optimal temperature, 
Infected c e l ls  -  unshaded area and uninfected c e l ls  -  shaded area*
Pulse time one hour0 M u l t ip l ic i ty  o f in fe c tio n  10 SCFFU per c e l l *
-Table 10: A comparison o f  the ra te  o f  incorporation
o f  3h thymidine (1 .0  jjC* ml) a t  optimal and 
supra-optimal temperaturec
Hours
Po st- In fec tion  Uninfected monolayers In fected  monolayers
36°C 40°C 36°C 40°C
24 61,000 3,710 5,250 2,270
48 5,600 1,180 24,600 930
72 1,110 2,400 23,200 2,360
96 2,830 1,650 36,000 1,810
6Values are DPM per 1 .5  x 10 c e l ls  
Pulse time one hour a t  time shown 
M u l t ip l ic i t y  o f  in fe c tio n  2 SCFFU per c e l l
DPM
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F ig .13 Rate o f incorporation of urid ine a t  supra-optimal temperature  
In fected c e l ls  -  unshaded area and uninfected c e l ls  -  shaded area
Pulse time one hour. M u l t ip l ic i t y  o f  in fe c tio n  5 SCFFU per c e l l
INFECTIVE VIRUS
Virus growth
Three distinct phases characterised the production of infective 
virus: an eclipse phase; an exponential growth phase; and a phase of
extended virus production. Virus was normally present in the cell-free 
state within 24 hours of being detected as cell associated virus. • 
Figure 14 shows a typical virus growth curve with the Rawles virus.
Dose response to inhibitors
The effect of various inhibitors on the production of infective 
virus was investigated.
Table 11 shows the amount of infective virus recovered from mono­
layers treated with different doses of chemical inhibitor or incubated 
at different temperatures for 120 hours after infection. Infective 
virus production was reduced to less than 0.1% of the untreated control 
by cycloheximide (1 pg/ml), c<-amanitin (0.5 pg/ml), FUdR (100 p>l) or 
a supraoptimal temperature of 40°C. The concentration of inhibitors 
and the supraoptimal temperature were the same as those required to 
completely block inclusion development. Cordycepin, as a concentration 
near to the cytotoxic level (75 pg/ml), reduced the level of infectivity 
to 44% of the control.
In further experiments the chemical inhibitors or supraoptimal 
temperature were used at a level that reduced virus production to less 
than 0.1% of the inhibitor-free control.
Infective virus production after shift-off inhibitory conditions
Virus growth patterns were studied after the chemical or thermal 
inhibitors were removed. Virus replication was blocked immediately
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F ig .14 Time-course production o f in fe c t iv e  v iru s .
Cell associated virus -  open c irc le s  and c e l l - f r e e  virus -  closed 
c irc le s .
M u l t ip l ic i t y  o f in fec tion  5 SCFFU per c e l l .
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F ig .15 Time-course production of in fe c t iv e  virus a f te r  s h i f t - o f f
cycloheximide (1 |jg. /m l . )  a t  48 hours -  closed t r ia n g le s ;  a t  zero 
time a f te r  48 hours pre-treatment -  closed c irc le s  and in h ib i to r  
free  control -  open c irc le s .
M u l t ip l ic i t y  o f  in fec tion  2 SCFFU per c e l l .
after infection and the block was maintained for a specified period 
before removal.
The inhibitory conditions were reversed as described in the 
Material and Methods. Normally, the total virus yield (cell-associated 
plus cell-free virus) was assayed. Virus yield was determined by both 
methods of assay.
On reversal of the cycloheximide block, virus was detected after 
an interval which was at least equivalent to the normal eclipse phase. 
The rate of exponential virus growth was similar to the inhibitor-free 
control. The time-course production of virus in cells treated with 
cycloheximide for 48 hours prior to infection was similar to the control 
(Fig. 15).
FUdR and thymidine, in equimolar amounts (80 pM), were added to 
infected monolayers at the time of infection. The time-course 
production and yield of infective virus was similar to the inhibitor- 
free control (Fig. 16). Infected monolayers were treated with FUdR 
for 72 hours pi before the MM plus FUdR was removed and monolayers we re 
washed in Hanks’ solution. Infected monolayers were incubated for a 
further 72 hours in MM plus thymidine (80 pM) or MM alone. A delay 
of at least 24 hours was recorded before the onset of exponential virus 
growth. A similar time-course of virus production after shift-off FUdR 
was recorded, whether or not thymidine was present in the MM (Fig. 16).
In further experiments, infected monolayers were exposed to 
FUdR (80 pM) for 24 or 48 hours pi before the block was-removed. In 
these experiments, reversal of the block was achieved by adding 
thymidine (1 mM) to the MM of FUdR-treated monolayers at 24 or 48 hours 
The control infected monolayers received FUdR (80 pM) and thymidine 
(1 mM) at the time of infection. Infective virus production was 
measured over a 120 hour period. Results are shown in Figure 17.
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Fig. 16 Time-course production o f ce ll-assoc ia ted  virus in ce l ls
treated  from zero time with FUdR (80 jjM) plus thymidine (80 pM) -  
closed c i rc le s ;  with FUdR (80 pM) -  closed rectangles and 
in h ib i to r - f r e e  control -  open c i r c le s .  FUdR removed a t  72 hours 
pi and fresh MM added -  open tr iang les  or MM plus thymidine (80 pM) 
closed t r ia n g le s .
M u l t ip l ic i t y  o f in fec tio n  one SCFFU per c e l l .
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Time-course production of ce ll-assoc ia ted  virus on reversal o f  
the FUdR block. Thymidine (ImM) added a t  24 hours -  closed 
c irc le s ;  a t  48 hours -  closed tr ian g les  and a t  zero time -  
open c irc le s
M u l t ip l ic i t y  o f in fec tion  10 SCFFU per c e l l .
Residual infective virus was detected in all groups of monolayers 
during the period prior to the appearance of progeny virus. Subsequent 
exponential virus growth patterns showed that exposure of infected 
monolayers to FUdR for 24 hours pi did not affect the time-coUrse 
production of virus. However, when infected monolayers were exposed to 
the inhibitor for 48 hours pi there was a delay of 24 hours, after 
thymidine was added, before the onset of exponential virus growth.
It is concluded from these experiments that no FUdR sensitive 
event occurred during the first 24 hours of HCMV replication. An 
event blocked by FUdR was required to function between 24 and 48 hours 
pi. When the FUdR block was reversed at 48 or 72 hours pi, infective 
virus was produced but after a delay of at least 24 hours.
Infective virus production wa-s determined In cells incubated at 
supraoptimal temperature, for varying lengths of time after Infection, 
before shift-down to 36°C. After 48 or 72 hours at 41°C, the delay 
before the growth of infective progeny virus was at least equivalent 
to the normal eclipse period (Fig. 18A). Virus replication was 
irreversibly blocked when infected monolayers were incubated at 41°C 
for longer period.
On shift-down from 40.25°C after 48 or 72 hours, a delay of at 
least 12 hours elapsed before the onset of exponential growth. Virus 
growth began without a delay after shift-down from 40.25°C at 96 hours. 
The rate of virus growth, in this instance, declined after 24 hours at; 
36°C (Fig. 183). Virus was not detected when infected monolayers were 
incubated continuously for 144 hours at 40.25°C.
On shift-down from 40.0°C after 48 hours, a delay of at least 
12 hours was recorded before exponential virus growth. Virus growth 
occurred without a delay when Infected monolayers were shifted to 
36°C after 72 hours at 40°C (Figure 18C). It is noticeable from the
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F ig .18 Time-course production o f virus ( to t a l )  a f te r  shift-down from 41 C. (A ).  
40.25 C. (B) and 40°C. (C).
Shift-down a t  48 hours -  closed c irc le s ;  a t  72 hours -  closed t r ia n g le s ;  
a t  96 hours -  closed rectangles and 36 C control -  open c ircTes.  
M u lt ip l ic i t y  o f  in fec tion  0 .2  (A) and one (B) (C) SCFFU per c e l l .
results shown in Figure 18C that virus was detected in infected mono­
layers before shift-down from 40.0°C. A low virus yield was recorded, 
in infected monolayers held continuously at 40.0°C but this was a 
transient feature.
It is evident from these results that the time-course of virus 
production at 36°C varied after shift-down from supraoptimal temper­
ature and depended on the initial temperature and length of the 
inhibitory period.
Infective virus production after shift-on inhibitory conditions
Infective virus production was examined after the chemical or 
thermal, inhibitor was introduced during the virus growth period. At 
times during virus replication, the MM of infected monolayers was 
supplemented with chemical inhibitor or shifted to a supraoptimal 
temperature. Virus infectivity (cell-associated plus cell-free virus 
unless indicated) was measured at 12 or 24 hour intervals.
Results show that cycloheximide (1 pg/ml), when added to infected 
monolayers after 72 hours of normal replication, caused the cessation 
of virus growth. However, the titre of infective virus already 
associated with infected monolayers, when the inhibitor was added, 
was maintained for at least 72 hours (Fig. 19). It was deduced from 
this information that continuing protein synthesis was essential for 
continuing infective virus production.
Similar results to those described above were recorded when the 
MM of infected monolayers was supplemented with FUdR (80 pM) at 72 
hours pi. Virus growth was inhibited and the cell-associated virus 
titre was maintained for at least a further 96 hours under the 
Inhibitory conditions (Fig. 20). When the inhibitor x^ as added 120 pi, 
normally a time when virus production had reached a maximum, the
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F ig .19 Time-course production o f  virus ( t o t a l )  a f t e r  s h if t -o n  cyclo­
heximide ( Ip g ./m l)  a t  72 hours -  closed c irc le s  and in h ib i to r -  
f ree  control -  open c irc le s .
M u l t ip l ic i t y  o f in fec tio n  5 SCFFU per c e l l *
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Figo20 Time-course production o f virus ( t o t a l )  a f te r  s h i f t -o n  FUdR 
(80 jjM) a t  72 hours -  closed c i rc le s ;  a t  120 hours -  closed 
tr ian g les  and in h ib i to r - f r e e  control -  open c i r c le s 0
M u l t ip l ic i t y  o f in fec tion  one SCFFU per c e l l .
cell-associated virus titre was reduced by 25% of the control during 
the subsequent 48 hour period (Fig. 20). However, results in Figure 
21 show that the cell-free virus titre was reduced by 95% of the 
control within 48 hours, when FUdR (80 pM) was added to infected 
cells at 120 hours pi. In this instance, the MM was harvested daily 
from two groups of productively infected cells and replaced by fresh 
MM either with FUdR (80 pM) oi* inhibitor-free. The harvested MM was 
assayed for infective virus by the SCF method.
Further experiments were carried out to examine the effect of 
different doses of FUdR on virus growth. Infected monolayers were 
supplemented with FUdR at a concentration of 40, 80, 160 or 320 pM at 
72 hours pi. Cell-associated and cell-free virus was assayed indepen­
dently. Similar results were obtained with all four concentrations of 
FUdR (Fig. 22). Virus growth ceased but the levels of infectivity 
associated with infected cells were maintained. Only residual levels 
of cell-free virus were produced during the FUdR inhibited period.
It was concluded from the FUdR experiments that continuing virus 
production was dependent on continuing DNA synthesis even at a 
relatively late stage in the virus replication cycle.
When or-amanitin (0.5 pg/ml) was added to infected monolayers 
after 24 hours of normal replication, virus growth was substantially 
reduced and virus titres were less than 0.2% of the inhibitor-free 
control. When c< -amanitin was added at the end of the normal eclipse 
period (48 hours pi) virus growth characteristics were similar to the 
inhibitor-free control although the maximum virus titre was reduced 
to about 9% of the control. When or-amanitin was added to infected 
cells at 72 hours pi and during the exponential growth phase, the 
inhibitor had no appreciable effect on virus replication. Results 
are shown in Figure 23.
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F ig .21 Rate o f  production o f  c e l l - f r e e  virus a f te r  s h if t -o n  FUdR (80 pM)
a t  120 hours. MM, supplemented with FUdR (80 pM) -  closed c irc le s  
or in h ib i to r - f r e e  -  open, c i r c le s ,  was changed a t  24 hour in te rv a ls  
on a l 1 monolayers.
M u l t ip l ic i t y  o f in fec tion  10 SCFFU per c e l l .
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F ig .22 Time-course production o f ce ll-assoc ia ted  virus (continuous l in e )  
and c e l l - f r e e  virus (broken l in e )  a f t e r  s h if t -o n  FUdR to various  
concentrations a t  72 hours.
FUdR to 40 pM - closed c i rc le s ;  to 80 pM -  closed t r ia n g le s ;  
to 160 pM -  open tr ian g les ;  to 320 pM -  closed rectangles and 
in h ib i to r - f r e e  control -  open c i r c le s .
M u l t ip l ic i t y  of in fec tion  one SCFFU per c e l l .
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F ig .23 Time-course production o f ce ll-assoc ia ted  virus a f t e r  s h if t -o n  
c<-amanitin (0 .5  jug./ml.) a t  time zero -  open t r ia n g le s ;  a t  
24 hours -  closed c irc le s ;  a t  48 hours -  closed t r ia n g le s ;  a t  
72 hours -  closed rectangles and in h ib i to r - f r e e  control -  open c i r c le s .
Monolayers were washed and harvested in to  fresh MM when prepared fo r  . 
assayo
M u l t ip l ic i t y  o f in fec tion  2 SCFFU per c e l l .
The results suggest that HCMV replication became insensitive to 
of-aman.itin between 24 and 48 hours pi.
Infected monolayers were shifted to 40°C at 48 hours pi, at 
time when the eclipse phase was normally complete. A small peak of 
infective virus was detected over the subsequent 95 hour period.
When infected monolayers were shifted to 40.0°C during the exponential 
growth phase (60 and 72 hours pi) virus growth was inhibited and a • 
decline was recorded in the level of infectivity already associated 
with the Infected cells. However, the decline in infectivity was not 
immediate. When shift~up occurred during the extended phase of virus 
production, the drop in virus titre seemed to be immediate (Fig. 24). 
Similar results were recorded when infected monolayers viere shifted to 
40.25°C after periods of replication at 36°C.
The results of temperature shift up experiments suggest that the 
replication of Rawles virus remained sensitive to 40°C throughout the 
replication period.
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F ig .24 Time-course production o f virus ( to t a l )  a f te r  s h if t -u p  to 40 C.
a t  zero time -  open diamonds; a t  48 hours -  closed c i rc le s ;  a t  
60 hours -  closed t r ia n g le s ;  a t  72 hours -  closed rectangles; a t  
96 hours -  open t r ia n g le s ;  a t  120 hours -  open rectangles and 
in h ib i to r - f r e e  control -  open c i rc le s .
M u l t ip l ic i t y  of in fec tion  0 .2  SCFFU per c e l l . (Tyms, 1970).
Summary of Results
The appearance of a granular fluorescent material and the cell 
rounding effect were the first signs of virus infection and were 
observed within hours of exposure of cells to virus at high multi­
plicity of infection. Within a short time the immunofluorescence was 
observed as a diffuse reaction distributed throughout the infected cell 
and concentrated at the nuclear membrane and nucleoli. Transcription 
of the viral genome and the synthesis of protein were required to 
initiate the early events in the absence of virus directed DMA synthesis. 
Lipid biosynthesis may be a requirement for virus induced changes in 
the infected cell. Immunofluorescence-was found associated with the 
intranuclear inclusions after the onset of viral DNA synthesis. The 
cell rounding or SCF production and immunofluorescence did not occur 
when infected cells were maintained at suboptimal temperature but did 
occur on subsequent incubation at 36°C. At supraoptimal temperature 
the early events were unaffected and even enhanced. An early bio­
chemical characteristic of HCMV infection was the inhibition of 
host-cell macromolecular synthesis.
Cell associated progeny virus was detected by 36-48 hours pi and •
virus was detected in the cell-free medium between 72-84 hours pi.
The cell-free level of infectivity reached a maximum by about 144 hours
pi and the high titre was measured for an extended period. The time-
course of the development of cytomegaly was clearly demonstrated and
was associated with protein synthesis early in the replication cycle.
Correlation was shown between the development of DNA-staining intranuclear
3
inclusions and the kinetics of H thymidine incorporation. Protein 
synthesis other than that needed to initiate the cell rounding and early .
immunofluorescence was required for DNA synthesis to begin.. The time 
of onset of DNA synthesis in cells infected with the Rawles virus was 
37 hours and this was preceded by an increase in the rate of RNA 
synthesis. FUdR treatment for 24 hours pi did not affect the subsequent 
time-course of virus growth, though exposure to -amanitin, an inhibitor 
of RNA polymerase type II, during this period did block virus growth.
The early period of DNA synthesis in virus infected cells showed biphasic 
characteristics. If Infected cells were exposed to FUdR beyond the time 
of onset of DNA synthesis, the latter was blocked and vifus growth was 
Inhibited. When the FUdR block was reversed virus production commenced 
but only after a delay of about 24 hours.
The incubation of infected cells at 40°C resulted in the inhibition 
of virus growth. DNA synthesis was blocked but infected cells were capable 
of RNA and protein synthesis at 40°C. 'When the thermal block.was reversed, 
the subsequent time-course of virus production depended on the duration 
of the thermal block. Two temperature sensitive events seemed to be 
involved and both were necessary for viral DNA synthesis. The events 
were characterized by different sensitivity to incubation at 40°C; one 
event was completely blocked while the other was not completely blocked 
but only retarded. The kinetics of the latter event were further reduced 
by a small increase in the temperature above 40°C.
Virus replication remained sensitive to the inhibitory effect of 
FUdR and it was shoivn in cycloheximide experiments that protein synthesis 
was continually required to maintain the synthesis of DNA and virus 
production. In contrast, virus replication became insensitive to the 
inhibitory effect of ^ -amanitin by 48 hours pi. The sensitivity of 
virus replication to incubation at supraoptimal temperature persisted 
even at a late stage in replication. The temperature sensitive event
that was completely blocked at 40° ~ 40.25°C prior to DNA synthesis 
was not bypassed by the synthesis of viral DNA. Cell associated virus 
decayed rapidly at supraoptimal temperature but did not diminish over 
72 hours ivhen DNA or protein synthesis was blocked by the chemical 
inhibitors.
CHAPTER FOUR
D I S C U S S I O N
The characteristic cell rounding or SCF development provided the 
first overt signs of HCMV infection and the speed at which SCF appeared 
was dependent on the multiplicity of infection. At a high input 
multiplicity, SCF were observed by 4 hours and all cells were in the 
rounded form by 7 hours pi. This was in accord with the observations 
of other workers (Furukawa et al., 1973; Fioretti et al., 1973). At a 
lower multiplicity of infection, SCF appeared later and remained discrete. 
Under these conditions, the SCF were easily enumerated. The develpment 
of virus specific immunofluorescence was recorded even earlier after 
infection. At a high multiplicity of infection a granular fluorescence 
was observed as early as 2 hours pi and similar observations were reported 
by Furukawa et al. (1973). By 8 hours pi, the immunofluorescence was 
diffuse and distributed in both the nucleus and cytoplasm including 
the nucleoli and perinuclear area. As incubation proceeded the immuno- 
fluorescent reaction increased in intensity Early membrane fluorescence 
has been reported 6 hours pi but only in unfixed cell preparations 
(The & Langenhuysen, 1972). The above results are in contrast to those 
reported by other workers. In two independent studies the initial immuno- 
fluorescent reaction was found to be associated with the nucleus and 
cytoplasmic fluorescence v/as not observed until at least 24 hours pi 
(Jack & Wark, 1971; Vaczi & Gdhczdl, 1973). A similar distribution of 
antigen v/as observed with an immunoperoxidase procedure (Kurstak et al.-, 
1972). All the investigations cited above used human convalescent 
serum as the HCMV antiserum. •
There are several possible reasons for the differences recorded by 
various workers. Different staining patterns may be produced by differ­
ent ’strains* of virus. There is likely to be variation with differ­
ent convalescent sera because the antibody components may react
to a different extent with virus-specific structural and non-structural 
proteins. This has been stated as a reason for differences in the 
distribution of antigens in cells infected with herpes viruses using 
different sera. Viral protein is considered to undergo changes in 
antigenicity plus re-location within the cell during the various processes 
of virion maturation (Ben-Porat & Kaplan, 1973). Only the area where 
antigens accumulate can be established and not the site of synthesis of 
the constituent molecules. Huang et al. (1974), using antiserum prepared 
against purified HCMV, detected immunofluorescence predominantly in the nucleus.
Another factor that might influence the immunofluorescent reaction 
is the manner in which the infected monolayers are fixed. In the present 
study,, infected monolayers were fixed with a T : 1 mixture of mfethanol— 
chloroform for 10 minutes at 20°C and the diffuse cytoplasmic immuno­
fluorescence, which was demonstrated after fixation with acetone, was 
removed. When normal mouse brain sections were treated with a 1 : 2 
mixture of meth'anol-chloroform for 10 minutes at 20°C, cholesterol, 
cerebroside, cephalin, lecithin, cerebroside ester and sphingomyelin 
were extracted (Kawamura r- 1969). In contrast, when acetone was used 
under similar conditions only cholesterol was extracted. Therefore it 
is possible that lipids other than cholesterol may be involved in the 
early diffuse immunofluorescence. Furthermore, the immunofluorescence ' 
associated with the cytoplasm of the infected cell was inhibited by 
desthiobiotin but this inhibitor did not affect the. immunofluorescence 
associated with the nucleus of the infected cell. The biosynthesis of 
fatty acids in mouse cells v/as blocked by desthiobiotin (Wisnieski 
et al., 1973). Although no definite peak of lipid biosynthesis
v/as measured in infected cells, some evidence in support of these
14
observations v/as provided from the rate C choline incorporation
studies during the 24 hours pi. After an initial decline in the rate
14 '
of C choline Incorporation m  infected ceils, an increased rate of
incorporation v/as recorded about"14-hours.pi* Similar results were obtained
from infected cells in which protein synthesis was reduced by 1 pg/ml
cycloheximide, although results were quantitatively different.
In addition to these observations it is worth noting that Furukawa 
et al. (1975d) have demonstrated a new immunoglobulin G receptor in HEF 
cells infected v/ith HCMV. However, the immunoglobulin G receptor, 
which bound immunoglobulin G of man and other species, was localized 
in the cytoplasmic lesion in the perinuclear region. This reaction is 
distinguishable from the diffuse cytoplasmic immunofluorescence discussed 
here and it is unlikely that this was a source of error in the present 
study.
The production of SCF and immunofluorescence was prevented when 
infected cells v/ere treated with cycloheximide (16 pg/ml or more) 
and this was evidence that protein synthesis was essential for these early 
events. However, there were differences in sensitivity of.thenearly events 
to cycloheximide and other inhibitors. Concentrations of cycloheximide 
that did not significantly block SCF production nevertheless restricted 
the rounded cells to the early form shown in Plate 9A (pg, 82) and true ■ 
cytomegaly did not develop. Similarly, Furukawa et al. (1973) observed 
the inhibition of cell rounding by 20 pg/ml cycloheximide, provided 
infected cells were treated with the inhibitor within 2 hours of infection. 
Furukawa et al. (1973) reported the effect of one dose of cycloheximide 
omly and no comments were available on the morphology of the rounded 
cells. The cell rounding induced in guinea pig cells non-productively 
infected with HCMV was greatly reduced by 0.5 pg/ml cycloheximide
(Fioretti et al.,1973). Others inhibitors of protein synthesis were less 
effective. In this study at the highest non-cytotoxic concentration" of 
dFPA in phenylalanine' deprived conditions, SCF development was reduced by 
59%. Deprivation of phenylalanine alone did not affect the production 
of SCF and this was also reported by Holmes (1974). Further consider­
ation is given to the effect of phenylalanine deprivation later in the 
Discussion. Puromycin at the highest non-cytotoxic concentration (Ipg/ml) 
reduced the number of SCF by 41%. Similar results were reported by 
McAllister et al. (1967). These workers also noted that the highest
non-cytotoxic concentration of the inhibitor (0.5 pg/ml) reduced the 
3incorporation of H leucine in infected cells by 50% only. In contrast,
Kim and Carp (1972) reported that puromycin (20 pg/ml) prevented the cell 
rounding effect in HEF cells infected with murine CMV.
Higher doses of cycloheximide were necessary to block production 
of immunofluorescent material and normally the failure to demonstrate 
immunofluorescence accompanied the reduction in SCF numbers. However, 
some cells did retain a fusiform morphology yet displayed Immunofluorescence 
which implied that the cell rounding and early immunofluorescence could 
be the result of independent changes in the infected cell.
In general supraoptimal temperatures, upto and including 41°C, 
had no adverse effect on SCF development or early Immunofluorescence and 
in fact SCF were induced at a faster rate and in greater numbers at 40°C. 
Also, an earlier increase in the intensity of the immunofluorescent 
reaction was observed at this temperature. HEF cells were able to synth­
esize protein at 40°C but no significant increase in the rate of protein 
synthesis was recorded, at this temperature, during the period when the 
early events occurred. At 42°C, SCF numbers were significantly reduced
but this temperature was near to the ceiling for HSF cells. Gdnczdl et 
al, (1975), using a number of HCMV isolates: also observed cell rounding 
and the diffuse immunofluorescence in the nucleus and cytoplasm or infected 
cells incubated at 40°C. Incubation at suboptimal temperature, for example 
20°C for upto 96 hours, not surprisingly resulted in failure of SCF devel­
opment and immunofluorescence. In these experiments virus adsorption and 
penetration was permitted at 36°C (Vonka & Benyesh-Melnick, 1966a; Smith & 
De Harven, 1974) before the suboptimal temperature block i^ as introduced. 
Under these conditions the rate of protein synthesis in infected cells 
•was less than half the rate in corresponding infected cells at 36°C but 
infected cells retained the ability to convert to the rounded form when 
transferred to 36°C.
Other evidence for the influence of protein synthesis on SCF. develop­
ment and immunofluorescence was conflicting. No distinct peak in protein 
synthesis v/as observed in infected cells during the period of intense 
morphological change though evidence was provided for some increase in 
protein synthesis during this periodFurukawa et al.,. (1973) recorded 
a peak of protein synthesis beginning 12 hours pi and they observed the 
cell rounding effect 6 - 1 2  hours pi. In the present study, 1 pg/ml
14
cycloheximide reduced the rate of Incorporation of C amino acids by
77 - 85% in infected cells but this concentration of the inhibitor
failed to suppress SCF formation and the production of immunofluorescent
material. A concentration of 16 ug/ml cycloheximide reduced the rate of 
14incorporation of C amino acids by 85 - 90% and, as noted earlier,
completely suppressed the early events. Likewise, the rate of incprpora- 
14tion of C arginine was reduced markedly by a concentration of cyclo­
heximide permissive for the early events (lug/ml) though the rate of 
incorporation fluctuated during HCMV infection ( see Fig. 5) and it is not _
possible to give a single figure for the reduction in the presence of
the inhibitor* However, the deprivation of arginine resulted in the
inhibition of SCF development and in the amount and intensity of the
early immunofluorescence (Minaraishima & Benyesh-Melnick, 1969; Holmes,
1974; Garnett, 1975) and of those amino acids contained-in Eagle's
MEM only the omission of arginine or methionine suppressed these
early events(Holmes, 1974). In the present study, SCF developed
normally in cells deprived of phenylalanine and only a marginal
14reduction in the .incorporation of C leucine was recorded during the 
time of development. Also, pFPA was without effect. This implied that 
the protein responsible for this early event was low In phenylalanine 
content. ^It is inferred from the results discussed above that protein 
synthesis per se is probably not directly correlated with the production 
of the early events, unless the latter depends on the synthesis of a 
protein,or possibly an oligopeptide, whose composition is irregular 
in the content of amino acids.
Inhibitors of DNA dependent RNA synthesis also appear to 
effect the production of SCF and immunofluorescent material. For instance, 
actinomycin-D was shown to inhibit the production of both SCF and the 
early immunofluorescence (McAllister et al., 1967; Fioretti et al.,1973; 
Furukawa et al*, 1973) although in the present study concentrations of the 
inhibitor which blocked SCF development at 6 hours pi were cytotoxic by 
24 hours. Actinomycin-D inhibits transcription by binding to the DNA 
molecule and thus affecting the synthesis of all cellular RNA species 
(Reich et al., 1962). The effect of two other such inhibitors, cordy- 
cepin and c<-amanitin, was also examined. Cordycepin has a variable 
effect on RNA synthesis in eukaryotic cells and its effect may be 
mediated through the inhibition of protein synthesis (Siev et al .,
1959; Penman et al., 1970; Weiss and Bratt, 1975). In-the present 
study, cordycepin inhibited SCF production but was most effective at a 
concentration that produced cytotoxic effects 24 hours later.cK -amanitin, 
which markedly inhibits RNA polymerase type II (Fiume, 1972) an enzyme 
prominent in the synthesis of messenger RNA (Roeder & Rutter, 1969;
Novello et al., 1970),also substantially reduced SCF numbers with a 
concomitant reduction in immunofluorescence. Here again,o<-amanitin 
was most effective at a concentration that later produced signs of 
cytotoxicity in the infected monolayers. However, despite the cyto­
toxicity of these inhibitors this was taken as evidence that trans­
cription of the viral genome was essential for the early events to occur \
and that in particular RNA polymerase type II was involved in the 
synthesis of viral messenger RNA. In some rounded cells present in 
infected monolayers exposed to p<~amanitin, immunofluorescence was 
confined to the nucleus and it is possible that the inhibitor had other 
effects as well as the inhibition of RNA polymerase type II. Indeed the 
effect ofc^-amanitin on the cytopathic effect induced by other DNA 
viruses was variable, for example, it prevented cytopathic change in
chick embryo cells but not in KB cells infected with HSV. It failed to
inhibit the cytopathic effect induced by vaccinia virus in either type 
of cell (Mannini-Palenzona et al., 1971) but did inhibit the cytopathic 
effect induced by adenovirus in human embryo kidney cells (Ledinko, 1971).
It was evident from the present study that the synthesis 
of viral DMA was not a requirement for the early events. Exposure to 
FtJdR only marginally reduced SCF numbers and had no effect on the 
location or intensity of the early immunofluorescence and this agreed 
with the reports of other workers concerning the effect of such inhibitors
on the early events (Goodheart et al., 1963; McAllister et al., 1967)*
Roizman and Spear (1969) suggested that certain experimental 
conditions were required for studying the inhibition of host 
macromolecular synthesis in animal cells infected with cytolytic 
viruses. 1) All'.cells must become infected 2) the cells must be 
metabolically active 3) cell manipulation alone should not account 
for the change in cell metabolism.
The necessity that all cells must be infected was achieved 
during the present work by a multiplicity of infection between 5 — 15 
SCFFU per cell, although the PFU per cell would be about 1.6 - 5 (Material 
and Methods, pg.39). It would seem quite likely, however, that virions 
inducing morphological change but not a productive infection would 
still cause some metabolic disturbance in the host cell. It can 
theoretically be predicted that 98% of cells will become infected 
when the input multiplicity of infection reaches 4 PFU per cell.
In this study, the third requirement described by Roizman and 
Spear (1969) was considered partially satisfied. Cell monolayers, 
on reaching confluency, were handled at 36°C. This included 
the adsorption of virus from MM at 36°C and pulse labelling at 
36°C by addition of the labelled precursor to the pre-existing 
MM.
In discussing the effect of virus infection on the host 
cell synthetic processes, some account has to be taken of the effect 
of a change of medium on macromolecular synthesis in stationary cell 
monolayers. VJhen MM was added to confluent uninfected monolayers in this
study, protein, lipid and DNA syntheses were stimulated. On the
other hand, no consistent peak of RNA synthesis was measured using
whole cell TCA precipitates. However, an increase in the rate of 
14incorporation of C uridine m  the nuclei of confluent uninfected 
cell monolayers was recorded from 5 hours onwards. In contrast, 
the amount of radioactive label associated, with the cytoplasmic 
fraction remained reasonably constant. No attempt was made to 
establish which RNA species or precursor molecules were concerned 
with the incorporation of labelled uridine in the nucleus. Other 
workers have reported the stimulation of macromolecular synthesis 
In stationary cell cultures after a change of medium: protein —
(Todaro et al., 1965) ; lipid - (Peterson and Rubin, 1969;
Cunningham and Pardee, 1969); RNA - (Todaro.et al., 1965; Rhode 
and Ellem, 1968; Yoshikura and Hirokawa, 1968; Yeh and Fisher,
“1969);. DNA - (Todaro et al., 1965; Yoshikura and Hirokawa, 1968;
Temin, 1968b).
In the present study a delay of 11 hours was noted between the 
addition of fresh medium and the onset of DNA synthesis in sham infected 
HEF cells which agreed essentially with Temin et al, (1972) who 
showed delays of 4-15 hours before the onset of DNA synthesis in 
some other cell systems after the addition of fresh medium. Information , 
obtained from the literature cited, points to a key role of serum 
in the stimulation of macromolecular synthesis in stationary cells.
Temin (1969) showed that frequent changes of medium containing serum, 
induced cell populations to reach greater densities; the specific 
factors which stimulate cell multiplication are available in serum 
(Todaro et al., 1967); Temin, 1966, 1968a; Yoshikura and Hirokawa, 
1968).
When HEF monolayers were infected with HCMV, the stimulation 
of protein, DNA and phospholipid biosynthesis observed in sham 
infected monolayers was significantly reduced. Also, there was 
a marked reduction in the amount of RNA associated with the cytoplasm 
of infected cells, although RNA seemed to be readily synthesized in the 
nucleus. Similar reductions in host macromolecular sythesis have been 
reported following infection by other herpes viruses as well as 
by other DNA and RNA viruses. The most pertinent to this study 
are the infection of cells with herpes simplex virus - Roizman and 
Roane (1964); Roizman et al. (1965); Hay et al. (1966); Flanagan, 
(1967): pseudorabies virus - Ben-Porat and Kaplan (1965) and
equine abortion virus - O'Callaghan et al. (1968). In general 
infection with this group of viruses resulted in the inhibition . 
of RNA, DNA and protein synthesis in the host cell. VJith HCMV, as 
with other viruses, it is not certain whether the inhibition of each 
macromolecule discussed is separately and specifically brought about c:: 
or whether failure to synthesize one type of molecule may sometimes 
be the consequence of the inhibition of another type of molecule.
For example, normal S phase DNA synthesis is known to depend on the 
prior synthesis of RNA and protein and inhibition of either of these 
could reduce the amount of DNA synthesized.
In the present work the synthesis of DNA in Infected 
cells was monitored by cytological procedures and rate incorporation 
studies. The cytological appearance of HCMV infected cells r in vivo' 
anc* in vitro is a diagnostic feature of virus infection. The obser-
vations on HCMV infected cells after staining with acridine orange,
agreed in general with McAllister et al. (1963). The sequential study
of infected cells clearly illustrated the process of cytomegalic change.
DNA-staining inclusions were observed by 36 hours pi and this was a
tentative indication of the time of onset of DNA synthesis in cells
infected with the Rawles virus. By 48 howrs pi the majority of cells
contained intranuclear inclusions that were similar in size and location
and by 72 hours DNA-staining material was observed in the intracyto-
• • • %
plasmic. inclusion. The time course development of inclusions when 
monitored by the immunofluorescence method correlated with the results 
by the acridine orange method. This suggests that structural antigens 
accumulated at the sites of virus assembly in the nucleus and were 
detected in the cytoplasmic inclusion as constituents of the virion. 
However, as mentioned earlier, Furukawa et al. (1975d) have reported 
a new immunoglobulin G receptor which was associated with the cyto­
plasmic inclusion in the perinuclear area. This reaction may give rise 
to misinterpretation of results using the immunofluorescence method.
The time of appearance and location of the HCMV. inclusions 'in general: 
agreed with observations made by autoradiography (Goodheart et al.,
1964): cytohvbridization (Huang et al., 1973) and electron microscopy 
(Ruebner et al., 1965; Kanich & Craighead, 1972; Iwasaki et al., 1973).
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Studies of the rate of incorporation of H 
thymidine provided confirmation that DNA synthesis began at about 36 
hours pi. The rate of DNA synthesis declined after reaching a peak, 
usually between 60 and 72 hours pi and this peak of DNA synthesis was not 
found associated with uninfected control monolayers. Huang et al- (1973)
reported similar results using the pulse label procedure but they 
observed the onset of DMA synthesis about 24 hours pi. These workers 
used the very well adapted strain AD169 ana this might account for the 
earlier onset of DNA synthesis that they found. They also distinguished 
viral DNA synthesis from total DNA synthesis by complementary RNA-DNA 
in situ hybridization; this technique also '-showed viral DNA synthesis 
at 24 hours pi. Goodheart et al. (1964) reported similar results using 
autoradiography. Furukawa et al. (1973) recorded'the. onset of DNA 
synthesis in. infected cells.by the pulse label procedure at between 24 and 
48 hours pi. In this instance, the DNA was characterized as viral DNA 
by density gradient analysis.
3
It was noted from the kinetics, of H thymidine incorporation that
the period of DNA synthesis in the uninfected control cells invariably
matched the interval before DNA synthesis began in the infected cells*
It is possible that the onset of DNA synthesis in the infected cells might
be governed by a refractory period related to the metabolic condition
3
of HEF cells after the addition of fresh MM. Hence, the peak of H 
thymidine incorporation into cellular DNA (24 hours pi)caused by the 
change of medium was inhibited after infectioru with HC?4V and viral , ’ ' •
DNA\ synthesis could not commence until infected cells • had recovered 
at 36 hours pi from the effects of the change of medium. There.Is some. 
evidence to support this hypothesis. When KEF cells were arrested by 
pretreatment with HJdR or by maintenance on MM with a low. serum concen­
tration (0.2%), viral DNA was' synthesized earlier (St. Jeor & Rapp, 1973a; 
St. Jeor et al., 1974). Also, human embryo kidney cells (HSK), which are 
normally non-permissive for viral DNA synthesis or Infective virus- 
production, were rendered permissive by pretreatment'with lUdR (St. Jeor 
& Rapp, 1973b). This information suggests that a product of the host cell
normally suppresses HCMV replication either temporarily or permanently ■ 
depending on the derivation of the host cell.
3
Two distinct phases of H thymidine incorporation in infected cells 
were apparent from the kinetics data and the results may be interpreted 
in a number of ways. There may have been a temporary reduction in the 
rate of synthesis of viral DNA or the biphasic period may reflect 'two 
distinct peaks of viral DNA synthesis or one peak of viral and one of 
cellular DNA. However, the relative contribution of host cell and 
viral DNA synthesis cannot be resolved -without knowledge of the buoyant 
density characteristics of the DNA synthesized. From the reports of other 
workers there is evidence for stimulation of host cell DNA synthesis 
•in virus-infected cells. HCMV infection has been reported to stimulate 
cellular DNA synthesis in HEF cells (St. Jeor & Rapp, 1973a; St. Jeor 
et.al., 1974) and in non-permissive cells (St. Jeor & Rapp, 1973b;
Furukawa et al., 1975a). Also, the stimulation of cellular DNA polymerase 
activity has been demonstrated in HCMV infected cells (Huang, 1975a).
In the present study a peak of RNA synthesis was evident in cells 
Infected with HCMV from 24 hours pi. The onset of RNA synthesis in 
infected cells preceded DNA synthesis by about 12 hours. Similar results 
i-;ere reported elsewhere (Huang, et al., 1973; Tanaka et al., 1975; 
Furukawa et al., 1975b). It was shown by Tanaka et al. (1975) that the 
RNA synthesized by 30 hours pi was cellular, ribosomal and transfer, RNA 
species.
It is concluded therefore that the-inhibition of host macromolecular 
synthesis,' observed soon after Infection, was only a temporary block 
because at a later stage in virus replication, the synthesis of both 
cellular . DMA and RNA was stimulated. The relationship of host cell
macromolecular synthesis to the viability of the infected cell 
is discussed below. ~ .
It was established during the present study’that de novo protein 
synthesis was required to initiate and maintain DNA synthesis in 
HCMV infected cells. -Furukawa et al. (1973) recorded a peak of 
protein synthesis before the onset of DNA synthesis in HCMV '
•infected cells. Early protein synthesis’was also required to initiate 
the synthesis of virus-induced cellular RNA in permissive cells (Tanaka 
.et.al., 1975) and both RNA and DNA in non-permissive cells (Furukawa 
et al., 1975a). The synthesis of DNA is dependent on the concomitant 
synthesis of protein in cells infected with other herpes viruses and 
this is particularly marked early in infection (Ben-Porat 2c Kaplan, 
1973). . Protein synthesis, lasting 3.5 to 4 hours after infection, 
was required to initiate virus directed DNA synthesis in cells 
infected with herpes simplex (Roizman & Roane, 1964) or canine 
herpes (Aurelian, 1969). In both cases, DNA synthesis was blocked 
if protein synthesis was arrested by puromycin treatment. If the
inhibitor was added after the initiation of RNA synthesis ( 4 - 6  hours)
3then H thymidine was incorporated into viral DNA but at a reduced .
rate. Kaplan et al. (1967), working with pseudorabies virus, reported
3
an initial drop of 50% in the rate of H thymidine incorporation in 
infected cells during the first hours of exposure to puromycin and 
they concluded that this reflected a drop in the rate of virus directed 
DNA synthesis. It was suggested that the concomitant synthesis of 
one or more proteins was required during DNA synthesis. Also,they 
speculated that the function of a protein with a short half-life was 
to ’’prime” or initiate DNA synthesis. This hypothesis was based on 
the fact that cells exposed to puromycin seemed to contain all the
enzymes necessary to maintain DNA synthesis in a cell-free system-.
This hypothesis could be applied"to DNA synthesis in HCMV infected 
cel .L S o .  .
The studies oh production and yield of-infective virus, complemented 
those on macromolecular synthesis- An increase in infective virus was 
detected 36— -48 hours pi and cell associated virus levels reached 
a maximum about 96 hours pi under single step growth conditions.
A noticeable feature of HCMV replication was the maintenance of a 
high yield of extracellular virus for long periods, provided infected 
monolayers had the MM changed frequently. Under multistep growth 
conditions, it took longer for virus to reach a maximum due to the 
process of secondary infection but the extended growth period was 
eventually established- Under single step growth conditions, cell- 
free virus was detected in the MM about 24 hours after the appear­
ance of cell-associated virus- Cell-free virus normally reached a 
maximum about 72 hours later- Due to the relatively short half- 
life of HCMV in the extracellular state (Krugman & Goodheart, 1964) 
and the constant high levels of virus measured in the MM when all cells 
were potentially infected, it was deduced that HCMV infected cells 
remained viable for a prolonged' period- Host-cell macromolecular 
synthesis is probably required during this period in order for infected 
cells to retain their viability-The nature of HCMV replication might 
depend, therefore, on the ability of HCMV to stimulate host-cell 
macromolecular synthesis at a ’late' stage in virus replication 
(St. Jeor et al., 1974; Tanaka et al., 1975). Similar growth 
characteristics have been described for HCMV in other reports 
(McAllister et 'al., 1963; Furukawa et al., 1973; Iwasaki et al., . 
1973). The growth characteristics of HCMV were in sharp contrast to 
results recorded for H3V in BHK^ cells when infective virus was
recorded as early as 5 hours pi and maximum titre 'was reached by 9 
hours pi (Russell et al., 1964).
It v/as evident from the results described above that a much 
greater concentration of cycloheximide was required to prevent cell 
rounding and immunofluorescence (16 pg/mi) than was required to block- 
virus.production (1 pg/ml). Even 0.01 pg/ml reduced the maximum virus 
yield by 91% but this concentration had no observable effect on the 
development of DNA staining inclusions. As discussed previously, 
cycloheximide failed to block protein synthesis completely and the 
protein(s) (or oligopeptide(s)) responsible for the early events may. 
have been synthesized in sufficient amounts in-the presence of 
relatively small concentrations of the inhibitor. When the concen­
tration' of the inhibitor v/as increased, protein synthesis was 
completely blocked. However, a large number of polypeptides are 
incorporated into the virion (Sarov & Abaay, 1975) and therefore the 
syntheses of these and other precursor molecules would provide a 
greater opportunity for relatively low concentrations of the inhibitor 
to be effective in blocking virus production.
In common with the findings of Ennis and Lubin (1964), the cyclo­
heximide (1 pg/ml) block in infective virus production v/as reversible.
The length of the eclipse phase after removal of cycloheximide in the 
present study, was indentical to the eclipse phase in control uninhibited 
Infected monolayers. This showed that protein, which v/as essential for 
viral replication, was synthesized very soon after infection. This 
early protein synthesis might have been concerned with virus specified 
enzymes (Hirai et al., 1976) or early protein(s) required for cellular 
RNA synthesis (Tanaka et al, 1975). The synthesis of cellular RNA
preceded the synthesis of viral DNA and the production of infective 
virus by approximately 24 hours (Tanaka et al., 1975). On the basis 
of this information cycloheximide could have prevented either virus 
specified or host specified protein synthesis. Tanaka and his 
associates (1975) also observed that once initiated the synthesis of 
cellular RNA continued in the presence of cycloheximide, although 
virus production remained sensitive to the inhibitor during the 
eclipse'periodt In the present study it was established that further 
virus growth could be inhibited by the addition of cycloheximide at 
any time during a 72 hour period pi. As discussed previously, DNA 
synthesis was sensitive to cycloheximide during the 72 hour period pi.
In addition, virus growth was blocked when DNA synthesis was. inhibited 
by FUdR at any time during the replication cycle (see below). Thus, 
late addition of cycloheximide might act either on the synthesis of 
late pro.tein(s) or on protein(s) required for DNA synthesis or on both. . 
In HEp2 cells infected with HSV, virus growth was dependent on de novo 
protein synthesis, as determined by puromycin sensitivity, but did not 
depend on continual DNA synthesis as shown by an insensitivity to lUdR 
treatment at a time in the replication cycle before maximum virus 
production v/as reached (Roizman et al., 1963).
It was suggested earlier that cell rounding and the early immuno­
fluorescence required transcription of the viral genome; the enzyme 
activity involved resembled RNA polymerase type II in that it was blocked. 
cX-amanitin. The appearance of DNA-staining inclusions and the 
production of infective virus were also prevented when infected cells 
were treated v/ith cX-amanitin during the 24 hours pi. This, indicates 
that RNA polymerase type II activity v/as also required for viral 
messenger RNA synthesis which v/as essential prior to the synthesis of
viral DNA and the production of infective vims. The effect of 
cX*-amanitin on the replication of other DNA viruses has been reported. 
Price and Penman (1972) demonstrated that adenovirus DMA is transcribed^ 
principally by an activity resembling polymerase type II of the host­
cell. The enzyme activity was sensitive to cX-amanitin. A polymerase 
type II, extracted from herpes simplex infected chick embryo cells or 
KB cells was sensitive to o<-amanitin in vitro, but the enzyme of KB 
cells seemed to be insensitive to the inhibitor in vivo (Mannini- 
Palenzona et al., 1971). It v/as suggested that this might be due to 
Inefficient penetration of the inhibitor in KB cells. Mannini- 
Palenzona et al. (1971) also reported that vaccinia virus replication 
was Insensitive to c*C-amanitin and they postulated the presence of an 
Insensitive enzyme activity associated with.the virion (Kates &
McAuslan, 1967; Munyon et al., 1967). The dose effect noted with, 
cycloheximide in relation to HCMV inclusion and virus production v/as 
also observed with {><-amanitin, although to a lesser extent. A 0.1 
pg/ml concentration of cA -amanitin had no observable effect on the 
DNA-staining inclusions but reduced the maximum virus titre by 83%. A 
larger dose of C< -amanitin was required to block the early cell rounding 
and immunofluorescence. Furukawa et al. (1975b) reported that rifampin 
Inhibited HCMV production but failed to inhibit the events expressed 
early in replication. On the other hand, actinomycin-D v/as effective 
in blocking the early events as well as virus production (McAllister et 
al., 1967).
In contrast to the results using cycloheximide, the development 
of DNA-staining inclusions and virus growth were unaffected when 
cX -amanitin' v/as added to infected monolayers at 48 or 72 hours pi 
although prevented when the inhibitor was added at 24 hours pi. The
onset of viral DNA synthesis occurred during the 24 - 43 hour period 
pi. Ben-Porat and Kaplan (1973) divided the RNA transcribed from the 
herpes virus genome into three broad groups: immediate early RNA
transcribed without protein synthesis; early RNA transcribed before 
the onset of virus-directed DMA synthesis; late RNA not transcribed 
unless protein and DNA synthesis occurs in the infected cell.. On the 
basis of this information a number of possible explanations are avail­
able to explain the insensitivity of virus growth to q <-amanitin. Both 
early and late RNA may be transcribed by an cX-amanitin sensitive host
cell RNA polymerase type II and transcription may have been completed
l/i
by 48 hours pi. A decline in the rate of C uridine incorporation in 
infected cells was also noted about 48 hours pi. However, under these 
circumstances viral messenger RNA would need to be a stable molecule(s) 
because translation was essential at least 72 hours pi, ..as shown by the . 
cycloheximide results. In'relation to this point, Darnell (19681) reported 
that messenger RNA of animal cells is a relatively unstable molecule 
with a half-life of 3 - 4 hours. Alwine and his associates (1974) have : 
shown that most of the viral messenger RNA synthesized in nuclei 
isolated from HEp2 or KB cells infected with HSV type I "was transcribed 
by an cK-amanitin sensitive RNA polymerase. On the basis of this 
information Alwine et al. (1974) suggested the enzyme activity was 
host-cell polymerase type II, although it was considered possible that 4 
the activity was due to a virus-coded enzyme which was sensitive to 
(7C-arnanitin.
A second explanation for the results of the present study is that 
early viral messenger RNA is transcribed by a host-cell polymerase type 
II which was sensitive to <?<-amanitin: late RNA synthesis, occurring 
after the onset of viral DNA synthesis, requires a virus-coded enzyme 
which was insensitive to the inhibitor. This would suggest, therefore,
that the <X -amanitin insensitive period may begin about the time of 
onset of viral DNA synthesis. Further work is-required-to establish 
the actual time that replication becomes insensitive to the inhibitor.
A third explanation might be that fX -amanitin was .effective during 
the initiation stage of viral transcription Involving either a host or 
virus-coded enzyme activity. Consequently, virus messenger RNA could- 
be synthesized when the inhibitor was added after initiation was 
complete. SIppell and Hartman (1958) reported that rifampin, which 
like (X-amanitin acts at the enzyme level and not on the DNA template, 
did not effect transcription when added after-the initiation complex 
had formed (Anthony et al., 1966).
Further investigation is required concerning viral messenger RNA 
synthesis during HCMV replication and the nature of the enzyme activity 
involved.
It Is considered unlikely that the syntheses of cellular ribosomal 
and transfer RNA shown to be necessary for HCMV replication (Tanaka et 
al., 1975) were affected by (X-amanitin treatment. This is because the. 
inhibitor Is reported not to effect the activity of RNA polymerase 
type I (Fiume, 1972) the enzyme activity implicated in .the synthesis 
of these cellular RNA species (Perry, 1962; Penman et al., 1966;
Roeder 8c Rutter, 1969).
Due to the mode of action of FUdR, it can be said that virus 
directed DNA synthesis depends on the conversion of deoxyuridylic 
acid to thymidylic acid. FUdR binds to thymidine synthetase irrever­
sibly but the inhibitory effect may be overcome by the exogenous
provision of thymidine. This was demonstrated in this study, because
normal growth characteristics were noted when. FUdR and thymidine were
added simultaneously to HEF monolayers immediately after infection.
As previously discussed, FUdR had little or no effect o n ’cell rounding
or the early immunofluorescence. Furthermore, It was shown by shift-
off experiments that exposure of infected monolayers to FUdR for 24 hours
pi did not effect the normal virus growth pattern. This was evidence.
that viral DNA synthesis did not occur during the 24 hours pi and this
3information was in accord with the results of H thymid_ine incorporation 
experiments in this study and elsewhere (Huang et al., 1973; Furukawa 
et al., 1973).
When the FUdR block was reversed 48 or 72 hours pi, a delay of 
about 24 hours was recorded before the onset of exponential virus 
growth.. The kinetics of DNA synthesis,- after the removal of the FUdR 
block, was not monitored by radioactive incorporation procedure.
However, a delay of about 24 hours v/as observed before the production 
of DNA-staining inclusions after shift-off FUdR at 48 or 72 hours pi.
This suggests that DNA v/as hot synthesized immediately after thymidine 
v/as made available to infected monolayers. Also, virus -growth 
characteristics were similar when FUdR v/as replaced by MM with or 
without thymidine. If the constraint on virus production v/as a f
thymidine deficiency, then perhaps an earlier production of virus 
might have been expected in those monolayers where an exogenous source 
of the precursor was immediately available. This is provided, of course, 
that the use of thymidine v/as not restricted for other reasons, for 
example a lack of thymidine kinase activity.
The action of FUdR .would have resulted in two deficiencies in the 
infected cell, thymidylic acid and. functional thymidine synthetase.
The exogenous source of thymidine would not immediately.rectify the 
latter deficiency. It is possible that a critical concentration of 
thymidine synthetase might be necessary before, the product of the,, 
enzyme's-reaction (normal conditions) or an exogenous source of thymidine 
(reversal conditions) could be utilized. Roizman et al. (1963) postulated 
that during the period preceding HSV DMA synthesis, precursor substances 
and enzymes accumulate. They suggested that at'a point in time, . • 
determined by one or more of these substances reaching a critical 
concentration, viral DMA is synthesized.
The replication of other DNA viruses have been studied using. FUdR.
On reversal of the FUdR block in adenovirus replication, there was a 
marked acceleration in the rate of virus maturation (Green, 1962).
It was proposed by Green that virus specific products accumulate during 
the period of the FUdR block. Hence, after the block was reversed, DNA 
was synthesized and virion maturation accelerated due to the availability 
of other 'essential' macromolecules. Green (1962) suggested that under 
normal conditions of adenovirus replication, the rate of maturation 
is governed by the synthesis of the 'essential* macromolecules. In 
vaccinia virus infected cells exposed to FUdR, DNA synthesis commenced - 
immediately the FUdR block v/as reversed. However, the production' of 
infective virus v/as limited by a requirement for 'late* protein synthesis 
even though 'early' protein synthesis had occurred during the period 
of the FUdR block (Salzman et al., 1963; Shatkin, 1963).
Information with regard to the synthesis of DNA during the virus 
growth phase v/as obtained from shift-on studies with FUdR. When the 
inhibitor was added during the exponential growth phase (72 hours pi), 
virus production appeared to cease. It v/as considered likely that virus
maturation v/as halted due' to the inhibition of virus-directed DNA 
synthesis: the level of virus assayed v/as the nett concentration of
infective virus produced before the block and the infectivity that 
remained stable within the cell. However, it v/as thought possible 
that virus maturation was only partially affected by the inhibition 
of DNA synthesis and infective virus production-continued but to a 
reduced titre. This could result from the FUdR: concentration used 
(80 jM) being insufficient at this late stage in. replication due to / . .
an increase-in the endogenous concentration of ihymidylic acid. It 
has been reported that the replication of certain viruses In cells 
made thymineless by FUdR treatment is due to a source of thymidine 
derived from degradation of the host-cell genome (Gentry et al., 1964; 
Baxby 8c Rondle, 1965). Also, Salzman et al. (1968) showed vaccinia 
virus specific enzymes but not host cell enzymes were capable of 
utilising small quantities of thymidine during an otherwise effective.
FUdR block. This was accounted for by a greater affinity of the virus 
enzymes for the precursor.
It was observed that neither an increase nor a decrease in'the 
FUdR concentration at 72 hours affected the level of cell associated virus 
and only small amounts of infective virus were excreted into the cell- 
free medium. This pointed to the first suggestion that the Inhibition / 
of virus-directed DNA synthesis caused a rapid halt in virus maturation. 
Further evidence in favour of this hypothesis v/as provided by the. study,of
production of infective virus after shift-on FUdR at 120 hours pi.
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By this time the rate of H thymidine incorporation had declined and 
it v/as considered possible that viral DNA synthesis might be complete 
and therefore FUdR no longer effective. However, the rate of virus
production in FUdR treated monolayers, as monitored by the cell-free
virus titre, was reduced by as much as 95%. The possibility that the 
Inhibitor has a direct effect on the release of virions from infected 
cells, seems to be unlikely.
Reports of shift-on experiments with other DMA viruses were in 
contrast to the above observations* Infective virus production became 
insensitive to inhibitors of DNA synthesis at a time before maximum . 
virus titre was reached (herpes simplex virus - Roizman et al., 1963; 
adenovirus - Flanagan & Ginsberg, 1961; vaccinia virus - Salzman, 1960) 
This suggested that virus-directed DNA synthesis was complete sometime 
during the early stages of exponential virus growth. With HCMV replic­
ation, the results so far show that continuing viral DNA synthesis is 
essential for continued virus maturation and this suggests that only 
newly synthesized DNA is incorporated into infective virions. Ben-Porat 
and Kaplan (1963) reported that only 20% of the total viral DNA synthes­
ized in rabbit kidney cells infected with pseudorabies virus was incorp­
orated into mature virions.
The development of inclusions and the production of
infective virus was prevented when infected cells were incubated at
40°C (Tyms, 1970; Gdnczdl et al., 1975). At this temperature DNA
3synthesis, as measured by H thymidine incorporation, was blocked and 
this was in agreement with the absence of DNA-staining inclusions.
The major peak of RNA synthesis v/as evident and HEF cells seemed able 
to synthesize protein. The early cell rounding and immunofluorescence, 
which are considered to be dependent on early protein synthesis, were 
unaffected.
In this study, host-cell DMA synthesis, was significantly reduced 
at 40°C and HEF cells were difficult to propagate at this temperature.
This v/as in contrast to other workers who'were, able -to propagate HEF 
cells at this temperature and also showed that exposure.of'HEF mono­
layers to supraoptimal temperature, prior to infection, did not alter 
the pattern of virus growth at 36°C (.Gdnczdl et- al., 1975). In addition 
to this information, it has been shown that at 40°C HEF cells support 
the replication of at least one HCMV isolate (Tyms, 1970.) , HSV type I 
(Gdnczdl et ah, 1975) and vaccinia and rabbitpox viruses (Dumbell, • 
personal communication). It is considered probable, therefore, that 
incubation of KEF cells infected with Rawles. virus’'-at- 40°C resulted in 
the inhibition of virus specific event(s) responsible for DNA synthesis 
and the production of infective virus.
The effect of supraoptimal temperature on the replication of'other
herpes viruses has been studied. The growth of HSV type II was. 
significantly reduced iji rabbit kidney cells but completely inhibited 
in hamster embryo fibroblasts when infected cells were incubated at 39°C. 
The temperature sensitive event(s) v/as concerned with the synthesis of 
.DNA (Crouch & Rapp, 1972). Germanov et al., (1972) also reported differ­
ent growth characteristics of HSV at 39°C in different species of host 
cell. The yield of canine herpes virus was reduced by 99% when infected
dog kidney cells were incubated at 40°C and the temperature sensitive
event(s) v/as considered to be concerned with virion maturation (Lust & J 
Carmichael, 1971). In a study of infectious bovine rhinotracheitis virus, 
Stevens (1966) reported that DNA synthesis and virus production were 
inhibited in bovine kidney cells incubated at 42°C: the temperature
sensitive event occurred one hour after infection (Stevens & Jackson, 
1967).
The thermal block in HCMV replication was reversible (Tyms, 1970;
Gdnczdl et al., 1975) and the pattern of virus growth after shift-down 
from 40°C to 36°C v/as in agreement with previous observations (Tyms, 
1970). -Different time-course patterns’of virus growth emerged at 
permissive temperature and this depended on the length of time infected 
monolayers were held at 40°C. It is suggested that two events in HCMV 
replication occurred prior to the synthesis of viral DNA and were 
characterized by different sensitivity to incubation, at.'40°C. One event 
was completely blocked at this temperature thus limiting the synthesis 
of DNA and production of infective virus. The other temperature 
sensitive event was not blocked but only retarded. Hence, this event 
continued at a decreased rate, in the absence of DNA synthesis, and its 
completeness v/as signified by a reduced lag between the time of shift 
down to 36°C and the synthesis of D M  and production of infective-virus. 
In a previous study using the Rawl.es virus (Tyms, 1970) no temperature 
sensitive event v/as detected during the 24 hour period pi at 40°C but 
in contrast a thermal block occurred soon after infection when Incubation 
was at 41°C.
It .was observed in the present study that an increase .in supra­
optimal temperature of 0.25°C resulted in major differences in the 
development of inclusions after shift-down.’to permissive temperature..
Likewise, differences were recorded in the pattern of virus growth,’
O o /when compared after periods of incubation at 40 C or 40.25 C. If
infected monolayers were incubated at either temperature for 48 hours,
about 12 hours incubation at 36°C was required before the onset of virus
growth. When the temperature block v/as maintained for 72 hours at
40.25°C, about 12 hours incubation at 36°C v/as still required before
the onset of virus growth. This v/as in contrast to the immediate onset
of exponential virus growth recorded after 72 hours pi at 40°C. After
96 hours incubation at the higher temperature, virus growth v/as recorded
oimmediately after ' shift-down to 36 C.
From the results described above it is concluded that the kinetics 
of the temperature sensitive event, partially affected by incubation at 
40°C, were further reduced at 40.25°C.
It is apparent from the results of the present study that some • 
events in virus replication proceed in the absence of DNA synthesis.
It is suggested that after sufficient time at 40°'- 40.25°C infected 
cells were fully prepared for DNA synthesis. .When shift-down to.36°C 
occurred, DMA was synthesized and immediately ■ incorporated ■ into nucl.eo-^  
capsids before virus maturation was completed. Evidence to support this 
suggestion was provided by the electron microscopic examination of 
infected cells incubated at 40°C for 120 hours pi. At this time a 
few cells contained small DNA-staining inclusions. In the absence of 
an alternative, intranuclear body, the DNA staining Inclusions and the 
sites of virion maturation observed in electron micrographs of these 
cells were assumed to be one and the same thing. This implies that virion 
maturation was triggered when DNA vies synthesized. Furukawa et al. 
(1975b) reported that rifampin blocked RNA ana DNA synthesis In HCMV" 
infected cells but viral antigens were synthesized and events in . 
replication progressed in the presence of the inhibitor. Consequently ‘ 
after rifampin-was removed at 48, 72 or 96 hours pi, RNA ana DMA were 
synthesized and the onset of vims growth was registered soon after 
reversal of the block. It would seem therefore that while virus growth
was blocked by rifampin or a temperature of 40° - 40.25°C, the repli— '
cation cycle progressed to a similar stage. At this time, the infected
ceil seemed fully prepared for infective virus production once the
respective block was removed and DMA synthesized. It is interesting
that a temperature of 40° ~ 40«25°C did not inhibit the peak of RNA 
synthesis recorded in Infected cells but exposure to rifampin did.
The results discussed above suggest that the.synthesis of some 
essential macromolecules was completed from products of transcription 
of the infecting viral genome(s), in the absence of de novo viral DNA 
synthesis. It is possible this could include the synthesis of capsid 
proteins. Other workers have reported the synthesis of virus struc­
tural proteins in the absence of viral DNA synthesis (herpes simplex 
virus - Bone & Courtney, 1974; frog virus 3 - Goorha & Granoff, 1974).
During the temperature studies in the present v/ork, the length of 
time infected monolayers were incubated at supraoptimal temperature 
before shift-down to 36°C was limited to a maximum of 4 days. With 
longer periods of incubation at supraoptimal temperature, virus replic­
ation often became irreversible. In contrast, Gdnczdl et al.(1975) 
investigated the effect of incubation at 40°C on virus replication over 
17 days, with periods of incubation at 40°C for upto 9 days. Gdnczdl 
et al. (1975) used 5 'strains* of HCMV including the Rawles virus and 
a consistent feature of their results was the 3 - 4  delay before onset 
of virus growth, after shift-down to 37°C. The differences In time— 
course growth patterns after shift-down from 40°C noted by Gdnczdl et al.: 
(1975), when compared to the results of the present study, might be 
accounted for by the fact that infected monolayers were exposed to 40°C 
for greater lengths of time.
When infected monolayers were shifted to 40° - 40-25°C at any time 
during the virus growth cycle, virus production ceased and levels of 
infectivity associated with infected monolayers declined. Similar results 
were recorded by Gdnczdl et al. (1975). However in the present .study
and as previously recorded (Tyms, 1970), virus production v/as not
completely blocked when infected monolayers were transferred to 40°
or 40.25°C at the end of the eclipse phase. A small peak of infec-
tivity was measured in association with infected cells. Similarly,
the development of DNA-staining inclusions progressed for a short while
under these conditions. Likewise, shift-up during the exponential
phase of growth did not result in an immediate cessation of virus production.
Quantitative estimation of DNA synthesis after shift-up to supra­
optimal temperature v/as not achieved during the present study. However, 
the block in the development of DNA staining inclusions suggested that 
DNA synthesis, although initiated at 36°C, ceased when infected mono­
layers were shifted to 40°C. It is deduced from this information that 
the event, which was completely blocked at supraoptimal temperature 
and v/hich restricted DNA synthesis, was not bypassed by prior incub­
ation at permissive temperature. It was, of course, shown by the FUdR 
studies that continual synthesis of viral DNA v/as essential for the 
continued production of infective virus.
Information is available as to the nature of the temperature 
sensitive events concerned with the replication of other viruses.
The frog polyhedral cytoplasmic deoxyribovirus replicates in BHK ceils 
at 28°C (Kucera, 1970). Incubation of infected cells at 34°C was 
permissive for viral DNA synthesis but non-permissive for virion 
maturation. When infected cells were shifted to 34°C after the 
initiation of virus replication at 28°C, virus growth was halted but 
the level of infective virus was maintained. Kucera (1970) established 
that DNA polymerase activity v/as induced at 28°C shortly after infection 
and the activity v/as maintained at 34°C once initiated. Kucera (1970)
also reported that 37°C was non-perrnissive for infective virus 
production or DNA synthesis, whether previously initiated or not.
Levels of infectivity declined rapidly when infected cells were shifted 
to 37°C and it was shown that a viral DNA polymerase activity was 
rapidly inactivated at the supraoptimal temperature. A decline in 
pre-existing levels of infectivity was observed when HCMV infected 
cells were shifted to 40° or 40.25°C late in replication. In contrast, 
infectivity levels were maintained when virus growth.was arrested by 
cycloheximide or FUdR treatment. This indicated that the loss of 
infectivity in cells shifted to supraoptimal temperature was not due 
to a decline in protein or DNA synthesis.
Shea et al. (1971) reported similar observations to- Kucera (1970) 
in a study of Novikoff rat hepatoma cells infected with mengovirus.
At 40°C, virus maturation was preferentially inhibited while at 42°C 
viral RNA synthesis was also inhibited. They demonstrated a lack of 
RNA polymerase activity at 42°C and subsequently showed a rapid decline 
in the activity of the enzyme after shift-up to this temperature. 
Similar observations were reported for other RNA viruses (foot-and- 
mouth disease virus - Delagneau, 1970; poliomyelitis virus — Priess & 
Eggers, 1968).
Virus production and DNA synthesis in HeLa cells infected with, 
variola major were blocked at 40°C (Cruickshank & Bedson, 1968). 
These workers suggested that two events were involved. One event 
was concerned with viral DNA polymerase activity, an early event in 
variola replication, and the other with virion maturation. Bedson 
and Cruickshank (1969) subsequently reported that DMA polymerase 
activity associated with infected cells was rapidly lost at 40°C.
It is evident from a number of the reports cited that temperature 
sensitivity was related to DNA or RNA polymerase activity of infected 
cells. The nature of the temperature sensitive events in HCMV repli­
cation is not known but a virus specific DNA polymerase activity is 
induced by HCMV infection (Huang, 1975a). The DNA polymerase activity 
was detected about 20 hours pi with a maximum activity measured at 
30 hours pi (Hirai et al., 1976). The enzyme activity was initiated 
sometime before virus directed DMA synthesis and about the time virus 
replication became sensitive to 40° 40.25°C. The temperature
sensitivity may be concerned with the virus induced DNA polymerase 
activity. It is possible that the event partially blocked at 40°- : 
40.25°C is concerned with the synthesis or activation of the enzyme 
and the event completely blocked at supraoptimal temperature is - 
concerned with the function of the enzyme or some other event in DNA 
synthesis.
It is apparent from the results reported in this thesis that many 
aspects of the work could be extended and this has been indicated 
where appropriate. Table .12 provides a1 summary' of the present know­
ledge of the replication of this virus and indicates the contribution 
of the present work to this knowledge.
24 Nucleocapsids in  perinuclear area
No progeny virus in f e c t iv i t y  measured
Amount o f  RNA-staining material increased
36 Nucleocapsids no longer observable in  the cytoplasm
Intranuclear inclusions present tha t  s ta in  fo r  DNA 
and immunofluorescent material
48
72
120
Rounded c e l ls  show signs o f cytomegaly
Virus p a rt ic les  o f various forms found in nucleus with  
a few enveloped p art ic les  in cytoplasmic vacuoles
Cell-associated in fe c t iv i t y  measured
Development of inclusions and virus production 
blocked at 40°C.
DNA-staining inclusions increase in s ize  and DNA- 
sta in ing material present in cytoplasmic inclusion
Aggregates o f enveloped p art ic les  and dense bodies in  
region o f  the Go!gi complex
Virions and dense bodies released and c e l l - f r e e  
in f e c t iv i t y  measured
Short h a lf  l i f e  of in f e c t iv i t y  a t  37°C in c e l l - f r e e  
state
Level of cell-free infectivity maintained for long 
period on reaching a maximum
Infective virus production blocked by late shift up * 
to 40°C.
Cell-associated infectivity was unstable at supra­
optimal temperature but stable when protein or 
DNA synthesis was inhibited
Cytomegalic c e l ls  3-4 times greater in size than 
i n i t i a l  rounded ce l ls
0-24
24
30
36
48
60
72
- 120
Events in re p lic a t io n  0( 
DNA synthesis
Inhibitor of RNA polyme:
Increase in rate of RNA
Protein synthesis reguii
Increase in virus specil 
with peak of a c t iv i t y
Increase in c e l lu la r  DM
Bulk o f RNA synthesized
. *-fOnset of DNA synthesis 
Biphasic nature of earli
V ir u s - s p e c i f ie d  and hosl
Protein synthesis reguii
RNA but not DNA synthesi
Two temperature sensitix
Virus growth insensitive
Decline in the rate of £
Decline in the rate of L
Virus growth dependent c
Continual protein synthe 
synthesis
Virions contain 23 polyp 
polypeptides but l i t t l
Continual DNA synthesis 
virus production
1) Italics
2) *
3)
4)
+
Nos.
Information derived from the present study.
Information derived from the present study whid  
was subsequently published in the l i t e r a t u r e .
Time o f onset may vary with d i f fe re n t  's t r a in s 1
The numbers ind icate the approximate time pi in
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APPENDIX
14
Amino Acid - C  Mixture
The following amino acids were present in equimolar proportions,
L-Alanine L-Lysine hydrochloride
L-Arginine hydrochloride L-Phenylalanine
L-Aspartic acid L-Proline
L-Glutamic acid L-Serine
Glycine L-Threonine
L-Leucine L-Tyrosine hydrochloride
L-isoLeucine L-Valine
Dioxan-base Scintillator (Bray Scintillator)
Naphthalene 60 gm
PPO 4 gm
POPOP 200 mg
Methanol (absolute) 100 ml
1-4 Dioxan (scintillation grade) to 1 titre
Toluene-base Scintillator
PPO 4 gm
POPOP 50 rag
Toluene (scintillation grade) to 1 titre
Tris-isotonic buffer
0.14 M KCL
0.002 M MgCl2
0.01 M Tris (pH 7.4)
